Cultivation and quality studies of Danshen (Salvia miltiorrhiza) in Australia by Sheng, S
  
 
Cultivation and Quality Studies 
of Danshen (Salvia miltiorrhiza) in Australia 
 
 
 
 
A thesis submitted in fulfillment of the requirements for the degree of 
Doctor of Philosophy 
 
 
 
Shujun Sheng 
(M. Sci) 
 
 
Division of Chinese Medicine 
School of Health Sciences 
RMIT University 
August 2007 
 II 
Declaration  
I certify that except where due acknowledgement has been made, the work is that of the 
author alone; the work has not been submitted previously, in whole or in part, to quality for 
any other academic award; the content of the thesis is the result of work which has been 
carried out since the official commencement date of the approved research program; and, any 
editorial work, paid or unpaid, carried out by a third party is acknowledged.  
 
 
 
 
 
Shujun Sheng: 
 
Date: 
 
 
 
 
 
 
 
 
 
 
 
 
 III 
Acknowledgements  
 
I am most grateful to my supervisors, Associate Professor Chunguang Li, Professor Charlie 
Changli Xue and Associate Professor Edwin C. K. Pang for their inspiration, outstanding 
intellect, encouragement, guidance, and support during my postgraduate study for this degree. 
Without their support, the thesis would not have been possible.  
 
I would like to greatly thank Mr Brian May for his invaluable help within field trials and 
proof reading of this thesis. Sincere thanks go to Ms Judy Clements from Victorian Farmers’ 
Federation and Mr Steven Ince from Northern Melbourne Institute of TAFE (NMIT) for their 
valuable support in field maintenances. Many thanks go to Mr Jiangjian Ren from Zhejiang 
Research Institute of Traditional Chinese Medicine Co., LTD in China, who kindly helped to 
collect Danshen seeds. I also wish to thank Ms Ye Shen for her valuable support and 
suggestion during the HPLC experiments. Special thanks go to Dr Thomas Cheung for his 
help within laboratory work.  
 
The support of the staff and students from Division of Chinese Medicine, School of Health 
Sciences, RMIT, have also been most helpful. I would like particularly to acknowledge the 
contribution of Ms Sandy Ebell, Dr Ruchira Jayasinghe, Ms Janna Kaganovich, Dr Tony 
Zhang, Ms Yanyi Wang and Ms Wenyu Zhou. 
 
Most of all I would like to thank to my wife and son, Lingling Shen and Jerry Zerui Sheng, 
have been a constant source of support and encouragement during my postgraduate years and 
this thesis would certainly not have existed without them. 
 
 
 IV
 
Table of Contents 
 
Declaration………………………………………………………………………………….II 
Acknowledgements………………………………………………………………………III 
Table of Contents………………………………………………………………………...IV 
Publications……………………………………………………………………………XXIV 
Abbreviations………………………………………………….……………………...XXVI 
List of Tables………………………………………………………………………….XXIX 
List of Figures………………………………………………………………………..XXXV 
 
Summary……………………………………….……………………………………………1 
1. General Introduction…………………………………………………………………4     
1.1 Introduction of Danshen……………………………………..…………………...………5 
1.1.1 Background…………………………………………………………...……………...5 
1.1.1.1 Use of Chinese herbal medicine (CHM)……………………………………..5 
1.1.1.2 Source of CHM in China………..…………………………………………...6 
1.1.1.3 Quality and safety issues on CHM…………………………………………...7 
1.1.1.4 Good agricultural practices (GAP) and CHM………………………………..8 
1.1.1.5 Rational of selection of Danshen  in this study……………………….10 
1.1.2 Origin……………………….…………………………………………....................10 
1.1.3 Botanic morphology………………………………………………………………...11 
1.1.4 Status in ancient Chinese medicine…………………………………………………13 
1.1.5 Distribution in China……………………………………………………………......14 
 V 
1.1.6 Chemical components………………………………………………………………14 
1.1.6.1 Lipid-soluble components…………………………………………………..15 
1.1.6.2 Water-soluble components………………………………………………….17 
1.1.6.2.1 Caffeic acid and its derivatives…………………………………...17 
1.1.6.2.1.1 Caffeic acid and its monomers………………………..18 
1.1.6.2.1.2 Caffeic acid dimers…………………………………...19 
1.1.6.2.1.3 Caffeic acid trimers…………………………………...19 
1.1.6.2.1.4 Caffeic acid tetramers………………………………...19 
1.1.6.2.2 Miscellaneous group……………………………………………...20 
1.1.7 Pharmacological activities………………………………………………………….23 
1.1.7.1 Lipid-soluble components…………………………………………………..23 
1.1.7.1.1 Anti-bacterial activity…………………………………………….24 
1.1.7.1.2 Cardiovascular action……………………………………………..24 
1.1.7.1.3 Anti-inflammatory activity……………………………………….24 
1.1.7.1.4 Induction of apoptosis and anti-cancer activity…………………..25 
1.1.7.1.5 Neuroprotective action……………………………………………25 
1.1.7.2 Water-soluble components………………………………………………….26 
1.1.7.2.1 Danshensu ………………………………………………..26 
1.1.7.2.2 Salvianolic acids………………………………………………….26 
1.1.7.2.2.1 Anti-oxidant activity………………………………….26 
1.1.7.2.2.2 Protection against cerebral and heart ischemia-
reperfusion……………………………………………27 
1.1.8 Clinical application ………………………………………………………………...27 
1.1.8.1 Medicinal preparations……………………………………………………...27 
1.1.8.2 Clinical therapeutic efficacy………………………………………………..28 
1.1.8.3 Herb-drug interaction……………………………………………………….28 
 VI
1.1.9 Herbal market…………………………………...………………………..................29 
1.2 Agricultural production………………………………………………………………...30 
1.2.1 Biological characteristics…………………………………………………………...30 
1.2.1.1 Growth features……………………………………..…………………........31 
1.2.1.1.1 Growth of aerial parts…………………………………………….31 
1.2.1.1.2 Growth of roots…………………………………………………...32 
1.2.1.1.3 Florescence………………………………………………………..32 
1.2.1.2 Propagation features………………………………..…………………….....32 
1.2.2 Germplasm resources…………….…………………………..……………..………33 
1.2.2.1 Species in the genus of Salvia...………………………………… …..….….33 
1.2.2.2 Variety and form of Salvia miltiorrhiza………………….…………………36 
1.2.2.3 Regional cultivation variety (cultivar) of Salvia miltiorrhiza ……………...37 
1.2.2.3.1 High content of tanshinone I, tanshinone IIA and 
cryptotanshinone………………………………………………….37 
1.2.2.3.2 High content of danshensu, protocatechuic aldehyde and salvianolic 
acid B……………………………………………………………..38 
1.2.2.3.3 Description of excellent regional cultivars……………………….39 
1.2.2.3.3.1 Chuan Danshen ………………………………39 
1.2.2.3.3.2 Shandong Danshen ………………………..39 
1.2.2.3.3.3 Yu Danshen …………………………………..39 
1.2.2.3.3.4 Danshen tetraploid……………………………………40 
1.2.3 Environmental conditions…………………………………………………………..40 
1.2.3.1 Climatic conditions…………………………………………………………40 
1.2.3.1.1 Temperature………………………………………………………40 
1.2.3.1.2 Water……………………………………………………………...41 
1.2.3.2 Soil conditions………………………………………………………………41 
 VII 
1.2.4 Agricultural conditions……………………………………………………………..43 
1.2.4.1 Propagation methods……………………………………………..…….......43 
1.2.4.1.1 Seed propagation………………………………………………….45 
1.2.4.1.2 Root segment propagation………………………………………..45 
1.2.4.1.3 Plant division propagation………………………………………..45 
1.2.4.1.4 Cuttage propagation………………………………………………46 
1.2.4.1.5 Rapid propagation………………………………………………...46 
1.2.4.2 Plant density conditions………………………….…………………………47 
1.2.4.2.1 Effects of different plant densities on Danshen growth………….48 
1.2.4.2.2 Effects of different plant densities on contents of tanshinone IIA 
and danshensu…………………………………………………….48 
1.2.4.3 Fertiliser conditions…………………………………………………………49 
1.2.4.3.1 Fertiliser requiremental characteristics…………………………...49 
1.2.4.3.2 Effects of different fertilisers on Danshen growth………………..51 
1.2.4.3.3 Effects of different fertilisers on contents of bioactive 
ingredients………………………………………………………...52 
1.2.4.3.3.1 Cryptotanshinone and tanshinone IIA………………...52 
1.2.4.3.3.2 Danshensu…………………………………………….53 
1.2.4.4 Prevention and control of diseases and insect pests………………………...54 
1.2.5 Harvesting and processing……………………………………………………….…55 
1.2.5.1 Content variations of bioactive ingredients at different growth stages……..55 
1.2.5.2 Selection of optimal harvesting time……………………………………….55 
1.2.5.3 Herbal processing…………………………………………………………...56 
1.2.6 GAP studies…………………………………………………………………………56 
1.2.6.1 General GAP………………………………………………………………..56 
1.2.6.2 Danshen GAP………………………………………………………………57 
 VIII 
1.2.6.3 Cultivation and GAP authentication………………………………………..58 
1.3 Quality control studies.…………..………………………………………………….…..59 
1.3.1 Quality control on CHM……………………………………………………………59 
1.3.1.1 Herbal extraction………………………………... …………………………59 
1.3.1.1.1 Supercritical fluid extraction (SFE)………………………………60 
1.3.1.1.2 Pressurized liquid extraction (PLE)………………...…………….61 
1.3.1.1.3 Microwave-assisted extraction (MAE)…………………………...61 
1.3.1.1.4 Solid-phase extraction (SPE)……………………………………..62 
1.3.1.2 Chemical analysis …………………………………………………...….….62 
1.3.1.2.1 Thin layer chromatography (TLC)………… …………………….62 
1.3.1.2.2 Gas chromatography (GC)………………………………………..63 
1.3.1.2.3 High performance liquid chromatography (HPLC)………………64 
1.3.1.2.4 Capillary electrophoresis (CE)……………………………………66 
1.3.1.2.5 Combined use of chromatography and spectroscopy…………….66 
1.3.2 Quality control on Danshen raw materials and its medicinal preparations………...67 
1.3.2.1 Herbal extraction and preparation…………………………………………..67 
1.3.2.1.1 Herbal extraction………………………………………………….67 
1.3.2.1.1.1 Conventional extraction method……………………...67 
1.3.2.1.1.2 Supercritical fluid extraction (SFE)…………………..68 
1.3.2.1.1.3 Pressurized liquid extraction (PLE) and pressurized hot 
water extraction (PHWE)………………………..........68 
1.3.2.1.1.4 Microwave-assisted extraction (MAE)……………….69 
1.3.2.1.1.5 Solid-phase extraction (SPE)…………………………69 
1.3.2.1.2 Sample purification……………………….....................................69 
1.3.2.1.3 Stability of bioactive marker compounds of Danshen……………70 
1.3.2.1.3.1 Tanshinone IIA……………………………………….70 
 IX
1.3.2.1.3.2 Salvianolic acid B…………………………………….71 
1.3.2.2 Chemical analysis…………………………………………………………..71 
1.3.2.2.1 Thin layer chromatography (TLC)………………………………..71 
1.3.2.2.1.1 Lipid-soluble components…………………………….72 
1.3.2.2.1.2 Water-soluble components……………………………73 
1.3.2.2.2 High performance liquid chromatography (HPLC)………………75 
1.3.2.2.2.1 Herbal raw materials………………………………….75 
1.3.2.2.2.2 Medicinal preparations………………………………..79 
1.3.2.2.3 High-speed counter-current chromatography (HSCCC)………….81 
1.3.2.2.4 Capillary electrophoresis (CE)……………………………………83 
1.3.2.2.5 Hyphenation of chromatography and spectroscopy………………84 
1.3.2.2.5.1 HPLC-MS…………………………………………….84 
1.3.2.2.5.2 HPLC combining with fluorescence detection……….86 
1.3.2.2.5.3 HSCCC combining with ESI-MS…………………….86 
1.3.2.2.6 Chromatographic fingerprinting………………………………….86 
1.3.2.2.6.1 Herbal raw materials………………………………….87 
1.3.2.2.6.2 Medicinal preparations……………………………......95 
1.4 Aims of this thesis……………………………………………………………..................97 
 
2. Methodology………………………………………………………………..99 
2.1 Field trial……………………………………………………………………100 
2.1.1 Site selection………………………………………………………………………100 
2.1.2 Source of Danshen seeds………………………………………………………….101 
2.1.3 Preparation of Danshen seedlings…………………………………………………102 
2.1.4 Field trial design…………………………………………………………………...103 
2.1.4.1 Variety comparison trial…………………………………………………...105 
 X 
2.1.4.2 Harvesting time trial……………………………………………………….106 
2.1.4.3 Plant density trial………………………………………………………….106 
2.1.4.4 Fertiliser trial………………………………………………………………108 
2.1.5 Monitoring and maintenance of field plots………………………………………..110 
2.1.5.1 Transplanting of Danshen seedlings………………………………………110 
2.1.5.2 Weed management………………………………………………………...110 
2.1.5.3 Fertiliser application………………………………………………………110 
2.1.5.4 Irrigation…………………………………………………………………...110 
2.1.6 Harvesting and field data collection……………………………………………….111 
2.1.7 Analysis of field data……………………………………………………………...112 
2.2 Chemical analysis……………………………………………………………………….113 
2.2.1 Herbal raw materials………………………………………………………………113 
2.2.1.1 Collected from China……………………………………………………...113 
2.2.1.2 Collected from Australia…………………………………………………..114 
2.2.2 Instruments………………………………………………………………………...116 
2.2.2.1 Accelerate Solvent Extractor (ASE 100)………………………………….116 
2.2.2.2 CAMAG TLC system……………………………………………………..117 
2.2.2.3 Shimadzu HPLC system…………………………………………………..118 
2.2.3 Reagents and chemicals…………………………………………………………...118 
2.2.4 Qualitative identification using TLC……………………………………………...120 
2.2.4.1 Herbal extraction and preparation…………………………………………120 
2.2.4.2 Preparation of standard references………………………………………...121 
2.2.4.3 Chromatographic conditions………………………………………………121 
2.2.4.3.1 Preparation of TLC plate………………………………………...121 
2.2.4.3.2 Sample loading…………………………………………………..121 
2.2.4.3.3 Chromatographic conditions…………………………………….122 
 XI
2.2.4.3.4 Documentation…………………………………………………..122 
2.2.5 Quantitative determination using HPLC…………………………………………..122 
2.2.5.1 Herbal extraction and preparation…………………………………………122 
2.2.5.2 Preparation of standard references………………………………………...123 
2.2.5.3 Chromatographic conditions………………………………………………123 
2.2.5.4 Method validation…………………………………………………………124 
2.2.5.4.1 Linearity…………………………………………………………124 
2.2.5.4.2 Precision…………………………………………………………124 
2.2.5.4.3 Stability………………………………………………………….125 
2.2.5.4.4 Repeatability…………………………………………………….125 
2.2.5.4.5 Recovery………………………………………………………...125 
2.2.6 Chromatographic fingerprinting using HPLC…………………………………….125 
2.2.6.1 Herbal extraction and preparation…………………………………………125 
2.2.6.2 Preparation of standard references………………………………………...126 
2.2.6.3 Chromatographic conditions………………………………………………126 
2.2.6.4 Method validation…………………………………………………………127 
2.2.6.4.1 Precision…………………………………………………………127 
2.2.6.4.2 Stability………………………………………………………….128 
2.2.6.4.3 Repeatability…………………………………………………….128 
2.2.7 Analysis of chemical data…………………………………………………………128 
2.2.7.1 Qualitative identification using TLC……………………………………...128 
2.2.7.2 Quantitative determination using HPLC…………………………………..128 
2.2.7.3 Chromatographic fingerprinting using HPLC……………………………..129 
 
3. Optimisation and Validation of HPLC Methods……………………………130 
3.1 Background……………………………………………………………………………..131 
 XII 
3.2 Materials and methods………………………………………………………………...133 
3.2.1 Herbal raw materials………………………………………………………………133 
3.2.2 Instruments………………………………………………………………………...133 
3.2.3 Reagents and chemicals…………………………………………………………...133 
3.2.4 Quantitative determination using HPLC…………………………………………..133 
3.2.4.1 Herbal extraction and preparation…………………………………………133 
3.2.4.2 Preparation of standard references………………………………………...134 
3.2.4.3 Chromatographic conditions………………………………………………134 
3.2.4.4 Method validation…………………………………………………………134 
3.2.5 Chromatographic fingerprinting using HPLC…………………………………….135 
3.2.5.1 Herbal extraction and preparation…………………………………………135 
3.2.5.2 Preparation of standard references………………………………………...135 
3.2.5.3 Chromatographic conditions………………………………………………135 
3.2.5.4 Method validation…………………………………………………………135 
3.2.6 Data analysis ……………………………………………………….......................136 
3.3 Results…………………………………………………………………………………..136 
3.3.1 Optimisation of HPLC analysis method…………………………………………..136 
3.3.1.1 Quantitative determination of four marker compounds…………………...136 
3.3.1.1.1 Three tanshinone markers ………………………………………136 
3.3.1.1.2 Salvianolic acid B……………………………………………….139 
3.3.1.2 Chromatographic fingerprinting…………………………………………..141 
3.3.1.2.1 Chromatographic conditions for methanol extract………………141 
3.3.1.2.2 Chromatographic conditions for aqueous extract……………….143 
3.3.2 Validation of HPLC analysis method……………………………………………..145 
3.3.2.1 Quantitative determination of four marker compounds…………………...145 
3.3.2.1.1 Reference solutions ……………………………………………..145 
 XIII 
3.3.2.1.1.1 Linearity……………………………………………..145 
3.3.2.1.1.2 Precision……………………………………………..145 
3.3.2.1.1.3 Stability……………………………………………...146 
3.3.2.1.2 Sample solutions………………………………………………...146 
3.3.2.1.2.1 Precision……………………………………………..146 
3.3.2.1.2.2 Stability……………………………………………...147 
3.3.2.1.2.3 Repeatability………………………………………...147 
3.3.2.1.2.4 Recovery…………………………………………….147 
3.3.2.2 Qualitative identification using chromatographic fingerprinting………….147 
3.3.2.2.1 Methanol extract...........................................................................147 
3.3.2.2.1.1 Precision……………………………………………..149 
3.3.2.2.1.2 Stability……………………………………………...149 
3.3.2.2.1.3 Repeatability………………………………………...149 
3.3.2.2.2 Aqueous extract………………………………………………….149 
3.3.2.2.2.1 Precision……………………………………………..150 
3.3.2.2.2.2 Stability……………………………………………...150 
3.3.2.2.2.3 Repeatability………………………………………...150 
3.3.2.3 Quantitative analysis using chromatographic fingerprinting……………...151 
3.3.2.3.1 Methanol extract………………………………………………...151 
3.3.2.3.1.1 Precision……………………………………………..151 
3.3.2.3.1.2 Stability……………………………………………...152 
3.3.2.3.1.3 Repeatability………………………………………...152 
3.3.2.3.2 Aqueous extract………………………………………………….153 
3.3.2.3.2.1 Precision……………………………………………..153 
3.3.2.3.2.2 Stability……………………………………………...153 
3.3.2.3.2.3 Repeatability………………………………………...154 
 XIV 
3.4 Discussion……………………………………………………………………………….154 
 
4. Climatic and Soil Conditions…………………………………………………….161 
4.1 Background……………………………………………………………………………..162 
4.2 Methods…………………………………………………………………………………163 
4.2.1 Analysis of climatic conditions……………………………………………………163 
4.2.2 Analysis of soil conditions………………………………………………………...163 
4.3 Results…………………………………………………………………………………..164 
4.3.1 Climatic conditions………………………………………………………………..164 
4.3.1.1 Monthly average temperature……………………………………………..164 
4.3.1.2 Monthly total rainfall……………………………………………………...165 
4.3.1.3 Monthly total evaporation…………………………………………………166 
4.3.1.4 Monthly total sunshine…………………………………………………….167 
4.3.2 Soil conditions……………………………………………………………………..168 
4.3.2.1 Basic chemical properties…………………………………………………168 
4.3.2.2 Trace elements…………………………………………………………….168 
4.4 Discussion……………………………………………………………………………….169 
 
5. Comparison of Eight Danshen Varieties in Vegetative Growth, Contents 
of Four Marker Compounds and Herbal Chromatographic 
Fingerprinting…………………………………………………………….170 
5.1 Background…………………………………………………………………………….171 
5.2 Materials and methods………………………………………………………………...172 
5.2.1 Field trial…………………………………………………………………………..172 
5.2.1.1 Site selection………………………………………………………………172 
5.2.1.2 Source of Danshen seeds………………………………………………….173 
 XV 
5.2.1.3 Propagation of Danshen seedlings………………………………………...173 
5.2.1.4 Field trial design and maintenance………………………………………...173 
5.2.1.5 Harvesting and field data collection……………………………………….173 
5.2.1.6 Analysis of field data……………………………………………………...174 
5.2.2 Chemical analysis…………………………………………………………………174 
5.2.2.1 Herbal raw materials………………………………………………………174 
5.2.2.2 Instruments………………………………………………………………...175 
5.2.2.3 Reagents and chemicals…………………………………………………...175 
5.2.2.4 Qualitative identification using TLC……………………………………...175 
5.2.2.4.1 Herbal extraction and preparation……………………………….175 
5.2.2.4.2 Preparation of standard references………………………………176 
5.2.2.4.3 Chromatographic conditions…………………………………….176 
5.2.2.5 Quantitative determination using HPLC…………………………………..176 
5.2.2.5.1 Herbal extraction and preparation.................................................176 
5.2.2.5.2 Preparation of standard references………………………………177 
5.2.2.5.3 Chromatographic conditions…………………………………….177 
5.2.2.6 Chromatographic fingerprinting using HPLC……………………………..177 
5.2.2.6.1 Herbal extraction and preparation………………….....................177 
5.2.2.6.2 Preparation of standard references………………………………178 
5.2.2.6.3 Chromatographic conditions…………………………………….178 
5.2.2.7 Analysis of chemical data…………………………………………………178 
5.3 Results…………………………………………………………………………………..179 
5.3.1 Comparison of growth parameters of one-year old plants………………………...179 
5.3.1.1 Plant height…………………………………………………......................181 
5.3.1.2 Number of side branches……………………………………......................181 
5.3.1.3 Weight of fresh aerial parts………………………………………………..181 
 XVI 
5.3.1.4 Number of roots...........................................................................................181 
5.3.1.5 Maximum root length……………………………………….......................181 
5.3.1.6 Maximum root diameter…………………………………….......................182 
5.3.1.7 Root yield………………………………………………………………….182 
5.3.1.8 Root production efficiency………………………………….......................184 
5.3.2 Comparison of growth parameters of two-year old plants………………………...185 
5.3.2.1 Number of roots…………………………………………………………...185 
5.3.2.2 Maximum root diameter…………………………………………………...186 
5.3.2.3 Root yield…………………………………………………….....................186 
5.3.3 Qualitative identification of eight Australian grown Danshen varieties…………..189 
5.3.3.1 TLC identification……………………………............................................189 
5.3.3.1.1 Five marker compounds………………………………………....189 
5.3.3.1.2 Chromatographic fingerprinting………………………………...191 
5.3.3.2 HPLC identification……………………………………………………….196 
5.3.3.2.1 Chromatographic fingerprinting of methanol extract…………...196 
5.3.3.2.2 Chromatographic fingerprinting of aqueous extract…………….198 
5.3.4 Quantitative determination of three tanshinone markers and salvianolic acid B….200 
5.3.4.1 Australian grown Danshen variety samples……………………………….200 
5.3.4.1.1 Content correlation between marker compounds ……………..201 
5.3.4.1.2 Content variations of marker compounds……………………..204 
5.3.4.1.3 Yield variations of marker compounds………………………..204 
5.3.4.2 Chinese grown Danshen reference samples……………………………….207 
5.3.5 Chromatographic fingerprinting of eight Australian grown Danshen varieties…..209 
5.3.5.1 Methanol extract…………………………………………………………..209 
5.3.5.1.1 Peak area…………………………………………………….......209 
 XVII 
5.3.5.1.1.1 Correlations between total 18 common peaks and seven 
main common peaks…………………………………212 
5.3.5.1.1.2 Total peak area variation of all 18 common peaks …213 
5.3.5.1.1.3 Peak area variations of seven main common peaks…213 
5.3.5.1.2 Relative peak area……………………………………………….214 
5.3.5.2 Aqueous extract……………………………………………………………216 
5.3.5.2.1 Peak area correlations between total 10 common peaks and six 
main common peaks……………………………………………..219 
5.3.5.2.2 Total peak area variation of all 10 common peaks……………...220 
5.3.5.2.3 Peak area variations of six main peaks ………………..………..220 
5.4 Discussion……………………………………………………………………………….221 
 
6. Growth Characteristics of Danshen and Accumulation of its Chemical 
Components……………………………………………………………….229 
6.1 Background…………………………………………………………………………….230 
6.2 Materials and Methods………………………………………………………………...232 
6.2.1 Field trial…………………………………………………………………………..232 
6.2.1.1 Site selection………………………………………………………………232 
6.2.1.2 Source of Danshen seeds………………………………………………….232 
6.2.1.3 Propagation of Danshen seedlings………………………………………...232 
6.2.1.4 Field trial design and maintenance………………………………………...232 
6.2.1.5 Investigation of flowering period………………………………………….233 
6.2.1.6 Harvesting and field data collection……………………………………….233 
6.2.1.7 Analysis of filed data……………………………………………………...233 
6.2.2 Chemical analysis…………………………………………………………………234 
6.2.2.1 Herbal raw materials………………………………………………………234 
 XVIII 
6.2.2.2 Instruments………………………………………………………………...234 
6.2.2.3 Reagents and chemicals…………………………………………………...234 
6.2.2.4 Quantitative determination using HPLC…………......................................234 
6.2.2.4.1 Herbal extraction and preparation……………………………….234 
6.2.2.4.2 Preparation of standard references………………………………235 
6.2.2.4.3 Chromatographic conditions…………………………………….235 
6.2.2.5 Chromatographic fingerprinting using HPLC……………………………..235 
6.2.2.5.1 Herbal extraction and preparation……………………………….235 
6.2.2.5.2 Preparation of standard references………………………………236 
6.2.2.5.3 Chromatographic conditions…………………………………….236 
6.2.2.6 Analysis of chemical data…………………………………………………236 
6.3 Results…………………………………………………………………………………..237 
6.3.1 Growth characteristics…………………………………………………………….237 
6.3.1.1 Growth of aerial parts……………………………………………………..239 
6.3.1.2 Growth of roots……………………………………………………………240 
6.3.1.3 Reproductive growth………………………………………………………241 
6.3.2 Qualitative variation of chemical components ………………………....................242 
6.3.2.1 Lipid-soluble components…………………………………………………242 
6.3.2.2 Water-soluble components………………………………………………...245 
6.3.3 Content variations of marker compounds…………………………………………248 
6.3.3.1 Three tanshinone markers ………………………………………………...248 
6.3.3.1.1 Content correlations between three tanshinone markers………...248 
6.3.3.1.2 Content variations of three tanshinone markers ………………...250 
6.3.3.2 Salvianolic acid B…………………………………………………………251 
6.3.3.2.1 Content correlation between salvianolic acid B and each of three 
tanshinone markers……………………………………………...251 
 XIX 
6.3.3.2.2 Content variation of salvianolic acid B.........................................253 
6.3.4 Quantitative variations of main chemical components …………………………...254 
6.3.4.1 Lipid-soluble components ………………………………………………...254 
6.3.4.1.1 Peak area………………………………………………………...254 
6.3.4.1.1.1 Correlations between total 18 common peaks and seven 
main common peaks…...............................................254 
6.3.4.1.1.2 Total peak area variation of all 18 common peaks and 
peak area variations of three tanshinone peaks ……..255 
6.3.4.1.1.3 Peak area variations of peaks 10 and 14: unknown 
compounds ………………………………………….256 
6.3.4.1.2 Relative peak area……………………………………………….257 
6.3.4.2 Water-soluble components………………………………………………...259 
6.3.4.2.1 Peak area correlations between total 10 common peaks and six 
main common peaks……………………………………………..259 
6.3.4.2.2 Total peak area variation of all 10 common peaks and peak area 
variations of peaks 8 and 5 ……………………………………...260 
6.4 Discussion……………………………………………………………………………….262 
 
7. Effects of Different Plant Densities on the Vegetative Growth of Danshen 
and Contents of Four Marker Compounds …………………………….268 
7.1 Background……………………………………………………………………………..269 
7.2 Materials and Methods………………………………………………………………...270 
7.2.1 Field trial…………………………………………………………………………..270 
7.2.1.1 Site selection………………………………………………………………270 
7.2.1.2 Source of Danshen seeds………………………………………………….270 
7.2.1.3 Propagation of Danshen seedlings………………………………………...271 
 XX 
7.2.1.4 Field trial design and maintenance………………………………………...271 
7.2.1.5 Determination of percentage of ground coverage…………………………271 
7.2.1.6 Harvesting and field data collection……………………………………….271 
7.2.1.7 Analysis of field data……………………………………………………...272 
7.2.2 Chemical analysis…………………………………………………………………272 
7.2.2.1 Herbal raw materials………………………………………………………272 
7.2.2.2 Instruments………………………………………………………………...272 
7.2.2.3 Reagents and chemicals…………………………………………………...273 
7.2.2.4 Quantitative determination using HPLC…………………………………..273 
7.2.2.4.1 Herbal extraction and preparation……………………………….273 
7.2.2.4.2 Preparation of standard references………………………………273 
7.2.2.4.3 Chromatographic conditions…………………………………….273 
7.2.2.5 Analysis of chemical data…………………………………………………274 
7.3 Results…………………………………………………………………………………..274 
7.3.1 Growth parameters of one-year old plants………………………………………...274 
7.3.1.1 Plant height…………………………………………………......................276 
7.3.1.2 Number of side branches…………………………………….....................276 
7.3.1.3 Fresh weight of aerial parts………………………………………………..276 
7.3.1.4 Ground coverage ………………….............................................................277 
7.3.1.5 Number of roots...........................................................................................277 
7.3.1.6 Maximum root length……………………………………….......................277 
7.3.1.7 Maximum root diameter…………………………………….......................278 
7.3.1.8 Root yield …………………………………………………………............278 
7.3.2 Growth parameters of two-year old plants……………….......................................280 
7.3.2.1 Number of roots…………………………………………………………...280 
7.3.2.2 Maximum root diameter…………………………………………………...281 
 XXI 
7.3.2.3 Root yield………………………………………………………………….281 
7.3.3 Contents of three tanshinone markers and salvianolic acid B…………………….282 
7.3.3.1 Content correlations between marker compounds………………...............283 
7.3.3.2 Content variations of three tanshinone markers………...............................286 
7.3.3.3 Content variation of salvianolic acid B……………....................................287 
7.3.3.4 Yield variation of salvianolic acid B ….......................................................288 
7.4 Discussion……………………………………………………………………………….290 
 
8. Effects of Different Fertilisations on Vegetative Growth of Baihua 
Danshen and Contents of Four Marker Compounds ………………….296 
8.1 Background…………………………………………………………………………….297 
8.2 Materials and Methods………………………………………………………………...299 
8.2.1 Field trial…………………………………………………………………………..299 
8.2.1.1 Site selection………………………………………………………………299 
8.2.1.2 Source of Baihua Danshen seeds………………………………………….299 
8.2.1.3 Propagation of Baihua Danshen seedlings………………………………..299 
8.2.1.4 Field trial design and maintenance………………………………………...299 
8.2.1.5 Investigation on number of leaves at growth stages………………………300 
8.2.1.6 Harvesting and field data collection………………………………………300 
8.2.1.7 Analysis of field data……………………………………………………...301 
8.2.2 Chemical analysis…………………………………………………………………301 
8.2.2.1 Herbal raw materials………………………………………………………301 
8.2.2.2 Instruments………………………………………………………………...301 
8.2.2.3 Reagents and chemicals…………………………………………………...302 
8.2.2.4 Quantitative determination using HPLC………….....................................302 
8.2.2.4.1 Herbal extraction and preparation……………………………….302 
 XXII 
8.2.2.4.2 Preparation of standard references………………………………302 
8.2.2.4.3 Chromatographic conditions…………………………………….302 
8.2.2.5 Analysis of chemical data…………………………………………………303 
8.3 Results…………………………………………………………………………………..304 
8.3.1 Growth parameters of one-year old plants………………………………………...304 
8.3.1.1 Number of leaves………………………………………………………….305 
8.3.1.2 Weight of fresh aerial parts………………………………………………..306 
8.3.1.3 Number of roots...........................................................................................306 
8.3.1.4 Maximum root length……………………………………….......................306 
8.3.1.5 Maximum root diameter…………………………………….......................307 
8.3.1.6 Root yield………………………………………………………………….307 
8.3.2 Growth parameters of two-year old plants………………………………………...310 
8.3.2.1 Number of roots…………………………………………………………...310 
8.3.2.2 Maximum root diameter…………………………………………………...311 
8.3.2.3 Root yield………………………………………………………………….311 
8.3.3 Contents of three tanshinone markers and salvianolic acid B ……………………311 
8.3.3.1 Content correlations between marker compounds.......................................312 
8.3.3.2 Content variations of three tanshinone markers…………………………..315 
8.3.3.3 Content variation of salvianolic acid B……………………………………315 
8.3.4 Correlations between root yield and content of each of marker compounds……...316 
8.4 Discussion……………………………………………………………………………….318 
 
9. General Discussion and Conclusion……………………………………..323 
9.1 Background……………………………………………………………………………..324 
9.2 Main achievements……………………………………………………………………..325 
9.2.1 Optimisation of agricultural conditions for root production……………………....325 
 XXIII 
9.2.2 Optimisation of agricultural conditions for production of main bioactive 
components……………………………………………………..............................325 
9.2.3 Quality control method on Australian grown Danshen…………………………...327 
9.3 Limitation of this thesis ……………………………………………………………….328 
9.4 Future direction………………………………………………………………………...329 
References………………………………………………………………………………...330 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 XXIV 
Publications  
 
Sheng S.J., Li, C.G., Xue, C.C.L., Pang, E.C.K., May B., Story D.F. (2007). Comparison of 
root yield and contents of bioactive marker compounds in Australian grown Danshen 
cultivars.  J. Agric. Food Chem. (submitted).  
 
Sheng S.J., Li, C.G., Xue, C.C.L., Pang, E.C.K., May B., Story D.F. (2007).  Seasonal 
variation in contents of bioactive marker compounds in Australian grown Danshen 
(Salvia miltiorrhiza). J. Agric. Food Chem. (submitted).  
 
Sheng S.J., Li, C.G., Xue, C.C.L., Pang, E.C.K., May B., Story D.F. (2007). Evaluation of 
consistency in herbal quality in Australian grown Baihua Danshen (Salvia miltiorrhiza 
f. alba). Planta Medica. (in preparation).  
 
Sheng S.J., Li, C.G., Xue, C.C.L., Pang, E.C.K., May B., Story D.F. (2007). Chemical 
identification of Danshen cultivars by thin layer chromatography. Journal of 
Chromatography A. (in preparation).  
 
Sheng S.J., Li, C.G., Xue, C.C.L., Pang, E.C.K., May B., Story D.F. (2007). Effects of 
different fertilisers on root yield and contents of bioactive marker compounds in 
Australian grown Baihua Danshen. J. Agric. Food Chem. (in preparation).  
 
Sheng S.J., Li, C.G., Xue, C.C.L., Pang, E.C.K., May B., Story D.F. (2007). Effects of 
different plant densities on root yield and contents of bioactive marker compounds in 
Australian grown Danshen. J. Agric. Food Chem. (in preparation). 
 
 XXV 
Sheng, S.J., Xue, C.C.L., Pang, E.C.K., Li, C.G., Organic Produce of Medicinal herbs in 
Australia, in Current Review of Chinese Medicine: Quality Control of Herbs and 
Herbal Material, Leung, P.C., Fong, H.H.S., and Xue, C.C.L., Editors. 2006, World 
Scientific: Singapore. 73-86  
 
Sheng, S.J., Xue, C.C.L., Pang, E.C.K., Li, C.G., (2006). Quality Assessment of Salvia 
miltiorrhiza f. alba. 2006 World Congress on Chinese Medicine: Charting the Course 
of Development, 378. Hong Kong, China. 
 
Sheng, S.J., Xue, C.C.L., Pang, E.C.K., Li, C.G., (2005). Growth Profile of Radix Salviae 
Miltiorrhizae in Whittlesea, Victoria. An International Symposium (Harmonisation of 
Traditional and Modern Medicine), Melbourne, Australian. 
 
Sheng, S.J., Xue, C.C.L., Pang, E.C.K., Li, C.G., (2005). Quality Assessment of Radix 
Salviae Miltiorrhizae. The Annual Scientific Meeting of ASCEPT and APSA (2005), 
Poster 2 – 71. Melbourne, Australian. 
 
 
 
 
 
 
 
 
 
 
 XXVI 
Abbreviations 
ANOVA                   Analysis of variance 
AQIS                        Australian Quarantine and Inspection Service 
ASE                          Accelerated Solvent Extraction 
ATP                          Adenosine 5-triphosphoraate 
BA                            6-benzyladenine 
C02                           Carbon dioxide  
Ca                              Calcium 
CAM                         Complementary and alternative medicine 
CE                             Capillary electrophoresis 
CGC                          Capillary gas chromatography 
CHM                         Chinese herbal medicine 
Cv                              Cultivar 
CYP                           Cytpchrome 
CZE                           Capillary zone electrophoresis 
DAD                          Diode array detector 
DNA                          Deoxyribose nucleic acid 
ED                             Electrochemical detection 
ELSD                         Low temperature evaporative light scattering detector 
ESI                             Electrospray ionization 
FAO                           Food and Agricultural Organization 
GACP                        Good agricultural and collection practices 
GAP                           Good agricultural practices 
GC                              Gas chromatography 
H                                 Hydrogen 
Ha                               Hektare 
 XXVII 
HCl                              Hydrochloric acid 
HPLC                           High performance liquid chromatography 
HPTLC                        High performance thin layer chromatography 
HSCCC                        High speed-counter current chromatography 
IAA                              Indole-3-acetic acid 
IBA                               Indole-3-butyric acid 
K                                   Potassium 
KT                                Kinetin 
LC                                Liquid chromatography 
MAE                            Microwave-assisted extraction 
MEKC                          Micellar electrokinetic capillary chromatography 
MS                                Mass spectrometry 
N                                   Nitrogen 
NAA                             Naphthyl acetic acid 
NACE                           Nonaqueous capillary electrophoresis 
NAMEKC                     Nonaqueous micellar electrokinetic capillary chromatography 
NMIT                            Northern Melbourne Institute TAFE 
P                                     Phosphorus 
PA                                  Peak area 
PB                                   Phosphate buffer 
pH                                   Potential of hydrogen 
PHWE                             Pressurized hot water extraction 
PLE                                 Pressurized liquid extraction 
ppm                                 Part per million 
QA                                  Quality assurance 
Rf                                    Retention factor 
 XXVIII 
RMB                               Chinese yuan 
RNA                                Ribonucleic acid 
RP                                    Reverse phase 
RPA                                 Relative peak area 
RRT                                 Relative retention time 
RSD                                 Relative standard deviation 
RT                                    Retention time 
SATCM                           State Administration of Traditional Chinese Medicine 
SD                                    Standard deviation 
SE                                     Standard error 
SFDA                               State Food and Drug Administration 
SFE                                  Supercritical fluid extraction 
SOD                                 Superoxide dismutase    
SOP                                  Stand operation procedure 
SPE                                  Solid-phase extraction 
SPSS                                Statistical Package for the Social Sciences 
STS                                   Sodium tanshinone IIA sulfonate 
TCM                                 Traditional Chinese medicine 
TLC                                  Thin layer chromatography 
UV                                    Ultraviolet                      
WHO                                 World Health Organization 
 
 
 
 
 
 
 XXIX 
List of Tables 
 
Table 1.1 Main diterpene components in Danshen roots………………………………..17 
Table 1.2  Caffeic acid and its derivatives in Danshen roots…………………………….18 
Table 1.3  Agricultural production areas, species and contents of total tanshinones and 
phenolics in roots of different Salvia species ………………………………...35 
Table 1.4 Agricultural production areas and content of tanshinone IIA in different 
Danshen batches ……………………………………………………………..37 
Table 1.5  Agricultural production areas and contents of danshensu and protocatechuic 
aldehyde in different Danshen batches ………………………………………38 
Table 1.6  Physical and chemical properties of soils in different Danshen production areas 
in China ………………………………………………………………………42 
Table 1.7 Propagation methods of Danshen ……………………………………………44 
Table 1.8 Explants and incubation conditions in rapid propagation of Danshen using 
tissue culture……………………………….…………………………………47 
Table 1.9 Comparison of different extraction methods ………………...........................60 
Table 1.10 Chromatographic conditions in HPLC analysis of different chemical 
components of herbal medicines ……………………………………………..65 
Table 1.11 Extraction efficiencies of three conventional extraction methods for tanshinone 
IIA and danshensu…………………………………………………………….67 
Table 1.12 Chromatographic conditions in TLC and HPTLC analysis of lipid-soluble 
components of Danshen………………………………………………………73 
Table 1.13 Chromatographic conditions in TLC and HPTLC analysis of water-soluble 
components of Danshen………………………………………………………74 
Table 1.14 Chromatographic conditions in HPLC analysis of lipid-soluble components of 
Danshen ……………………………………………………….......................76 
 XXX 
Table 1.15 Chromatographic conditions in HPLC analysis of water-soluble components of 
Danshen ……………………...........................................................................78 
Table 1.16 Chromatographic conditions in HPLC analysis of lipid and water-soluble 
componnents of Danshen preparations……………………………………….80 
Table 1.17 Chromatographic conditions, isolation yielding and purities of isolated 
compounds in HSCCC analysis of Danshen………….....................................82 
Table 1.18 Buffer composition, method advantage and insufficiency in different CE 
analyses of lipid and water-soluble components of Danshen ………………..83 
Table 1.19 Chromatographic conditions in HPLC-MS analysis of lipid and water-soluble 
components of Danshen and its preparations………………………………...85 
Table 1.20 Comparison of extraction solvents, chromatographic conditions and 
fingerprinting profiles of alcohol extracts of Danshen by HPLC…………….89 
Table 1.21 Different gradient elution methods in HPLC chromatographic fingerprinting of 
lipid-soluble components of Danshen ………………………………………..90 
Table 1.22 Comparison of extraction solvents, chromatographic conditions and 
fingerprinting profiles of aqueous extracts of Danshen by HPLC……………92 
 Table 1.23 Different gradient elution methods in HPLC chromatographic fingerprinting of 
water-soluble components of Danshen……………………………………….93 
Table 1.24 Different gradient elution methods in HPLC chromatographic fingerprinting of 
lipid-soluble and water-soluble components of Danshen…………………….95 
Table 1.25 Different gradient elution methods in HPLC chromatographic fingerprinting of 
Danshen Injection and Compound Danshen Dripping Pill………..................96 
 
Table 2.1 Collection information of eight batches of Chinese grown Danshen seeds and 
their uses in four field trials………................................................................101 
Table 2.2 Random arrangements of 24 field plots in variety comparison trial ………..105 
 XXXI 
Table 2.3 Random arrangements of 18 field plots in plant density trial……………….107 
Table 2.4  Orthogonal design of L4(2
3
) in fertiliser trial……………………………….108 
Table 2.5 Random arrangements of 15 field plots in fertiliser trial……………………109 
Table 2.6 Samples and data collected from four field trials and their measurements in 
chemical analysis……………………………………………………………115 
Table 2.7 Reagents used and their applications in chemical analysis …………………119 
Table 2.8 HPLC chromatographic conditions for quantitative determination of three 
tanshinone markers in methanol extract and salvianolic acid B in aqueous 
extract ……………………………………………………………………….124 
Table 2.9 HPLC chromatographic conditions for chromatographic fingerprinting of 
methanol and aqueous extracts……………………………………………...127 
 
Table 3.1 Retention time of cryptotanshinone and tanshinone I in three different ratios of 
methanol and water…………….....................................................................137 
Table 3.2 Validation of quantitative analysis of four marker compounds in reference 
solutions by HPLC…………………………………………………………..145 
Table 3.3 Validation of quantitative analysis of four marker compounds in methanol and 
aqueous extracts by HPLC……………………..……………………………146 
Table 3.4 Validation of qualitative analysis of 18 common peaks in methanol extracts 
using relative retention times by HPLC……………………………………..148 
Table 3.5 Validation of qualitative analysis of 10 common peaks in aqueous extracts 
using relative retention times by HPLC………..............................................150 
Table 3.6 Validation of quantitative analysis of eight main common peaks in methanol 
extracts using peak areas and relative peak areas by HPLC………………...151 
Table 3.7 Validation of quantitative analysis of six main common peaks in aqueous 
extracts using peak areas and relative peak areas by HPLC………………...153 
 XXXII 
 
Table 4.1  Chemical properties of soils from two cultivation sites at NMIT…………...168 
Table 4.2 Trace elements of soils from two cultivation sites at NMIT………………...168 
 
Table 5.1  Danshen germplasm resources and their chemical properties ……………..171 
Table 5.2 Growth parameters of one-year old plants ………………………………….180 
Table 5.3 Growth parameters of roots of two-year old plants ………………………...185 
Table 5.4 Rf values of five marker compounds in roots of eight Danshen varieties grown 
in Australia ………………………………………………………………….191 
Table 5.5 Relative Rf values of five common peaks in TLC chromatograms of methanol 
extracts of eight Danshen varieties grown in Australia …………………….194 
Table 5.6 Relative Rf values of nine common peaks in TLC chromatograms of aqueous 
extracts of eight Danshen varieties grown in Australia……………………..195 
Table 5.7 Relative retention times of 18 common peaks in HPLC chromatographic 
fingerprinting of methanol extracts of eight Danshen varieties grown in 
Australia……………………………………………………………………..197 
Table 5.8 Relative retention times of 10 common peaks in HPLC chromatographic 
fingerprinting of aqueous extracts of eight Danshen varieties grown in 
Australia……………………………………………………………………..199 
Table 5.9 Contents of three tanshinone markers and salvianolic acid B in roots of eight 
Danshen varieties grown in Australia……………………………………….200 
Table 5.10 Yields of three tanshinone markers and salvianolic acid B in roots per plant-
pair of eight Danshen varieties grown in Australia…………………………205 
Table 5.11 Contents of three tanshinone markers and salvianolic acid B in Chinese grown 
Danshen reference samples………………………………………………….207 
 XXXIII 
Table 5.12 Total peak area of all 18 common peaks and peak areas of seven main common 
peaks in chromatograms of methanol extracts of eight Danshen varieties grown 
in Australia…………………………………………………………………..209 
Table 5.13 Pearson correlation coefficients of peak area between total 18 common peaks 
and seven main common peaks……………………………………………...212 
Table 5.14 Relative peak areas of seven main peaks in HPLC chromatographic 
fingerprinting of methanol extracts of eight Danshen varieties grown in 
Australia……………………………………………………………………..214 
Table 5.15 Total peak area of all 10 common peaks and peak areas of six main common 
peaks in chromatograms of aqueous extracts of eight Danshen varieties grown 
in Australia…..................................................................................................216 
Table 5.16 Pearson correlation coefficients of peak area between total 10 common peaks 
and six main common peaks………………………………………………...219 
Table 5.17      Strengths and weaknesses of each of the eight varieties……………………..227 
 
Table 6.1 Growth parameters of Danshen plants at 15 different growth stages over two 
years of cultivation ………………………………………………………….238 
Table 6.2 Relative retention times of 18 common peaks in HPLC chromatographic 
fingerprinting of methanol extracts of 11 batches of Danshen collected at 
different growth stages ……………………………………………………...244 
Table 6.3 Relative retention times of 10 common peaks in HPLC chromatographic 
fingerprinting of aqueous extracts of 12 batches of Danshen collected at 
different growth stages ……………………………………………………...247 
Table 6.4 Pearson correlation coefficients of peak area between total 18 common peaks 
and seven main common peaks……………………………………………...254 
Table 6.5 Relative peak areas of seven main common peaks in HPLC chromatographic 
 XXXIV 
fingerprinting of methanol extracts of 11 batches of Danshen collected at 
different growth stages………………………………………………………257 
Table 6.6 Pearson correlation coefficients of peak area between total 10 common peaks 
and six main common peaks………………………………………………...259 
 
Table 7.1 Growth parameter of one-year old plants at six plant densities …………….275 
Table 7.2  Ground coverage at six plant densities ……………………………………..277 
Table 7.3 Root yield of Danshen in fresh weight per square meter at six plant 
densities……………………………………………………………………...279  
Table 7.4 Growth parameters of roots of two-year old plants at six plant densities …..280 
Table 7.5 Contents of four marker compounds in root samples at six plant densities…282 
Table 7.6 Overall yield of salvianolic acid B in Danshen roots at six plant densities…289 
 
Table 8.1 Growth parameters of one-year old Baihua Danshen plants at four fertiliser 
combinations ………………………………………………………………..304 
Table 8.2 Number of leaves per plant-pair for each treatment of four fertiliser 
combinations at seven growth stages of Australian grown Baihua 
Danshen …………………………………………………………………….305 
Table 8.3 Growth parameters of roots of two-year old Baihua Danshen plants at four 
fertiliser combinations ………………………………………………………310 
Table 8.4 Contents of four marker compounds in Baihua Danshen roots grown at four 
fertiliser combinations ………………………................................................312 
 
 
 
 
 XXXV
List of Figures  
 
Figure 1.1 Image of Salvia miltiorrhiza Bunge ………………………………………….11 
Figure 1.2  Chemical structures of three bioactive tanshinones in Danshen roots………..16 
Figure 1.3  Chemical structures of caffeic acid, danshensu, rosmarinic acid, salvianolic 
acid A and lithospermic acid in Danshen roots ……………………………...21 
Figure 1.4 Chemical structures of salvianolic acid B, magnesium tanshinoate B and 
protocatechuic aldehyde in Danshen roots …………………………………..22 
 
Figure 2.1 Locality of NMIT in Epping………………………………………………...100 
Figure 2.2 Images of propagation of Danshen seedlings……………………………….102 
Figure 2.3 Image of cultivation sites at NMIT …………………………………………103 
Figure 2.4 Arrangements of four field trials at NMIT sites ……………………………104 
Figure 2.5 Images of Danshen harvesting and processing……………………………...111 
Figure 2.6 Image of Accelerate Solvent Extractor 100…………………………………116 
Figure 2.7 Images of CAMAG TLC system ………………………...............................117 
Figure 2.8 Image of Shimadzu Model SCL-10Avp HPLC system……..........................118 
 
Figure 3.1 Chromatograms of methanol extract of Danshen sample (sample ID code: 
D180) and standard reference solutions using optimised mobile phase in an 
isocratic elution ……………………………………………………………..137 
Figure 3.2 Chromatograms of methanol extract of Danshen sample (sample ID code: 
D180) using optimised mobile phase in an isocratic elution at different 
detection wavelengths of 254 nm, 270 nm and 281 nm …………………….138 
 XXXVI 
Figure 3.3 Chromatograms of aqueous extract of Danshen sample (sample ID code: D180) 
and standard reference solutions using optimised mobile phase combined with 
a gradient and an isocratic elution…………………………………………...139 
Figure 3.4 Chromatograms of aqueous extract of Danshen sample (sample ID code: D180) 
using optimised mobile phase at different detection wavelengths of 270 nm, 
281 nm and 286 nm …………………………………………………………140 
Figure 3.5 Chromatograms of methanol extract of Danshen sample (sample ID code: HR4) 
and standard references solutions using optimised mobile phase in a gradient 
elution within 60 min ……………………………………………………….141 
Figure 3.6 Chromatograms of methanol extract for Danshen sample (sample ID code: 
HR4) using optimised mobile phase in a gradient elution within 60 min at 
different detection wavelengths of 254 nm, 270 nm and 281 nm…………...142 
Figure 3.7 Chromatograms of aqueous extract of Danshen sample (V4-1) and standard 
reference solution using optimised mobile phase in a gradient elution within 60 
min…………………………………………………………………………..143 
Figure 3.8 Chromatograms of aqueous extract of Danshen sample (sample ID code: V4-1) 
using optimised mobile phase in a gradient elution within 60 min at different 
detection wavelengths of 270 nm, 281 nm and 286 nm……………………..144 
 
Figure 4.1 Monthly average temperature (°C) at cultivation sites in 2005 and 2006…..164 
Figure 4.2 Monthly total rainfalls (mm) at cultivation sites in 2005 and 2006…………165 
Figure 4.3 Monthly total evaporation (mm) at cultivation sites in 2005 and 2006……..166 
Figure 4.4 Monthly total sunshine (hrs) at cultivation sites in 2005 and 2006................167 
 
Figure 5.1 Correlation between maximum root diameter and weight of fresh roots per 
plant-pair over eight Danshen varieties …………………………………….183 
 XXXVII
Figure 5.2 Root production efficiency in each of eight Danshen varieties …………….184 
Figure 5.3 Correlations between number of roots at each category of root diameter and 
weight of fresh roots ………………………………………………………..187 
Figure 5.4 Correlation between maximum root diameter and weight of fresh roots …..188 
Figure 5.5 TLC chromatograms of methanol extracts of eight Danshen varieties grown in 
Australia……………………………………………………………………..189 
Figure 5.6 TLC chromatograms of aqueous extracts of eight Danshen varieties grown in 
Australia …………………………………………………………………….190 
Figure 5.7 Representative TLC chromatogram of Danshen methanol extract …………192 
Figure 5.8 Representative TLC chromatogram of Danshen aqueous extract ………….193 
Figure 5.9 Representative HPLC chromatogram of methanol extract of variety V6-1…196 
Figure 5.10 Representative HPLC chromatogram of aqueous extract of variety V6-1….198 
Figure 5.11 Content correlations between three tanshinone markers ……………............202 
Figure 5.12 Content correlations between salvianolic acid B and each of three tanshinone 
markers………………………………………………………………………203 
Figure 5.13      Fingerprinting chromatograms of methanol extracts of V1, V2, V3 and 
V4……………………....................................................................................210 
Figure 5.14      Fingerprinting chromatograms of methanol extracts of V5, V6, V7 and 
V8……………………....................................................................................211 
Figure 5.15 Hierarchical cluster analysis of relative peak areas in HPLC chromatographic 
fingerprinting of eight Danshen varieties …………………………..............215 
Figure 5.16      Fingerprinting chromatograms of aqueous extracts of V1, V2, V3 and 
V4……………………....................................................................................217 
Figure 5.17      Fingerprinting chromatograms of aqueous extracts of V5, V6, V7 and 
V8……………………....................................................................................218 
 
 XXXVIII
Figure 6.1  Images of growth of Danshen aerial parts ……………………………….....239 
Figure 6.2 Images of growth of Danshen roots ………………………………………...240 
Figure 6.3 Images of Danshen reproductive growth …………………………………...241 
Figure 6.4 Representative HPLC chromatogram of methanol extract of Australian grown 
Danshen sample (sample ID code: D120)…………………………………..242 
Figure 6.5 HPLC chromatogram of methanol extract of Chinese grown Danshen reference 
sample (sample ID code: HR4)……………………………………………...243 
Figure 6.6 Representative HPLC chromatogram of aqueous extract of Australian grown 
Danshen (sample ID code: D120)…………………………………………...245 
Figure 6.7 HPLC chromatogram of aqueous extract of Chinese grown Danshen reference 
sample (sample ID code: HR4)……………………………………………...246 
Figure 6.8 Content correlations between three tanshinone markers ……………………249 
Figure 6.9 Content variations of three tanshinone markers in Danshen roots collected at 
different growth stages ……………………………………………………...250 
Figure 6.10 Content correlations between salvianolic acid B and each of three tanshinone 
markers …………………...............................................................................252 
Figure 6.11 Content variation of salvianolic acid B in Danshen roots collected at different 
growth stages ………………………………………………………………..253 
Figure 6.12 Variations of total peak area of all 18 common peaks and peak areas of peaks 
12, 13 and 15 in chromatograms of methanol extracts of 11 Australian grown 
root samples collected at different growth stages…………………………...255 
Figure 6.13 Variation of peak areas of peaks 10 and 14 in chromatograms of methanol 
extracts of 11 Australian grown root samples collected at different growth 
stages………………………………………………………………………...256 
 XXXIX 
Figure 6.14 Hierarchical cluster analysis of relative peak areas in HPLC chromatographic 
fingerprinting of 11 Australian grown root samples collected at different 
growth stages...................................................................................................258 
Figure 6.15 Variations of total peak area of all 10 common peaks and peak area of peak 8 
in chromatograms of water extracts of 12 Australian grown root samples 
collected at different growth stages ………………………………………...260 
Figure 6.16 Variation of peak area of peak 5 in chromatograms of aqueous extracts of 12 
Australian grown root samples collected at different growth stages………..261 
 
Figure 7.1 Content correlations between three tanshinone markers ……………………284 
Figure 7.2 Content correlations between salvianolic acid B and each of three tanshinone 
markers ……………………………………………………………………...285 
 
Figure 8.1 Correlations between root growth features of Baihua Danshen crop ……....309 
Figure 8.2 Content correlations between three tanshinone markers ……………………313 
Figure 8.3 Content correlations between salvianolic acid B and each of three tanshinone 
markers ……………………….......................................................................314 
Figure 8.4 Correlations between content of each of four bioactive marker compounds and 
root weight of Baihua Danshen crop ……………………….........................317 
 1 
Summary 
 
Danshen丹参, one of the most commonly used Chinese herbal medicines (CHMs), has a long 
history of clinical application for treating cardiovascular and cerebrovascular diseases. 
However, the clinical outcomes of such interventions are dependent on its quality and safety. 
Such data are commonly not available for imported raw herbs including Danshen in the 
Australian market. In addition, after several years of investigating the suitability of growing 
some Chinese herbal medicines in the Whittlesea area in the State of Victoria, the local 
cultivation of Danshen was commenced initially to determine the quality and safety of 
Danshen. The main objective of this thesis was to determine which cultivation varieties of 
Danshen are most suitable for local production, and the optimum harvesting times, plant 
densities and fertiliser conditions for local cultivation. Upon harvest, the root yield and 
content of cryptotanshinone, tanshinone I, tanshinone IIA and salvianolic acid B in various 
varieties of Danshen roots were determined. This process also provided the basis for the 
establishment of quality control methods for local Danshen production. The study involved 
field trials including variety comparison, harvesting time, plant density and fertiliser trials, as 
well as the chemical analysis of the content of cryptotanshinone, tanshinone I, tanshinone IIA 
and salvianolic acid B and the chromatographic fingerprinting profiles by TLC and HPLC.  
 
During the first stage of the project, eight Danshen varieties were selected from China and 
grown on the cultivation site at NMIT in the Whittlesea area, Victoria, Australia. TLC and 
HPLC were used to qualitatively identify these varieties, and quantitatively determine the 
content of the marker compounds cryptotanshinone, tanshinone I, tanshinone IIA and 
salvianolic acid B and the peak areas of the main chemical compounds in methanol and 
aqueous extracts. The root yield and content of tanshinone IIA and salvianolic acid B in 
Danshen roots were used as the quality criteria for Danshen. Of the eight varieties, V1, V2, 
V3 and V6 met the minimum standards for both tanshinone IIA and salvianolic acid B 
 2 
specified in the Chinese Pharmacopoeia. In particular, V6 had a moderate root yield. In 
contrary, V4 produced not only a high root yield but also a high content of tanshinone IIA and 
salvianolic acid B at planting densities of 30 × 30 cm and 45 × 30, respectively. 
 
During the second stage, the optimum harvesting time was studied by quantitative 
determination of the four marker compounds and chromatographic fingerprinting. At different 
growth stages over two years of local cultivation in Australia, Danshen showed great 
variations in the growth of its aerial parts and roots, and in the quantities of the four marker 
compounds as well as other main chemical compounds, but there were no qualitative 
differences in these compounds. The optimal harvesting times for V4 Danshen with the 
greatest root yield and the highest salvianolic acid B content was at 250 days after planting 
while it had maximum growth of its aerial parts. This variety produced the greatest root yield 
and the highest content of tanshinone IIA at 290 days after planting during the senescence of 
its leaves. Moreover, it was demonstrated that V4 Danshen produced the highest content of 
tanshinones in the first year of cultivation. In contrast, it produced a higher content of 
salvianolic acid B and greater root yield at the end of two years of cultivation for V4 Danshen. 
 
Thirdly, the density study revealed that a planting density of 30 × 30 cm for V4 Danshen 
resulted in the highest root yield per square meter and the highest content of the three 
tanshinone markers (e.g. 0.210% tanshinone IIA, w/w). A density of  45 × 30 cm produced a 
higher content of salvianolic acid B (above 3%) and also the highest root yield per square 
meter in three densities: 30 × 40 cm, 45 × 30 cm and 45 × 40 cm, all of which produced more 
than 3% content of salvianolic acid B in the roots. However, it is impossible to select an 
optimum density for V4 Danshen for simultaneously satisfying the minimum standards of 
tanshinone IIA (0.2%, w/w) and salvianolic acid B (3%, w/w). This finding provides useful 
information to herbal growers and enables them to improve plantation practice. 
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Fourthly, the effects of different levels of fertiliser treatments were studied on root yield and 
the content of the three tanshinone markers and salvianolic acid B for V1 Danshen. Different 
levels of fertiliser treatment significantly increased the root yield. In particular, a high level 
phosphorus and high level nitrogen showed synergistic effects on root yield. An optimal 
fertiliser treatment was not determined for both maximum root yield and maximum content of 
tanshinones in the variety. However, this treatment may result in both high root yield and high 
content of salvianolic acid B. Moreover, even with the use of fertiliser, it is not feasible to 
meet the minimum standards for both tanshinone IIA (0.2%, w/w) and salvianolic acid B (3%, 
w/w) in V1 Danshen roots.  
 
Finally, chemical analysis methods, including qualitative analysis by TLC and HPLC, 
quantitative analysis using marker compounds and chromatographic fingerprinting by HPLC, 
were developed for quality control of Australian grown Danshen root. The findings in 
chemical analyses firstly showed that the three tanshinone markers or their corresponding 
peaks correlated strongly and linearly with each other and with other main peaks in the 
chromatographic fingerprints of the methanol extracts. In addition, salvianolic acid B or its 
corresponding peak also correlated strongly and linearly with the other main peaks in the 
chromatographic fingerprints of the aqueous extracts. Thus, the use of tanshinone IIA and 
salvianolic acid B were considered adequate to quantitatively evaluate lipid-soluble and 
water-soluble components in Danshen roots, respectively.  
 
In conclusion, the present study established that it is feasible to grow Danshen in Victoria, 
Australia. Finding from this study also demonstrated that high quality Danshen can be 
produced using proper procedures in determining the selection of the varieties, harvesting 
time, fertilisation and plant density. Further validation is required.  
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1.1 Introduction of Danshen 
1.1.1 Background  
1.1.1.1 Use of Chinese herbal medicine (CHM) 
Over the past two decades we have witnessed a rapid worldwide growth in the consumption 
of botanicals derived from traditional medicines. The current world market for medicinal 
botanicals was estimated at about US $60 billion in 2003 and has been increasing steadily 
(World Health Organization, 2003a). This trend is in line with the significant increase in 
global use of complementary and alternative medicine (CAM) by the general population 
(Eisenberg et al., 1998).  
 
In Australia, approximately 52% of the national population used CAM therapies, and 21.6% 
used traditional herbal medicine, which translated into expenditure on alternative therapies of 
AU $2.3 billion in 2000, nearly four times as much as the public contribution to all 
pharmaceuticals (MacLennan et al., 2002). Similarly, a recent survey in the U.S.A. found that 
the greatest relative increase in CAM use between 1997 and 2002 was traditional herbal 
medicines (12.1% vs. 18.6%, respectively), representing over US $38 million (Eisenberg et al., 
1998). In 2001, approximately US $17.8 billion was spent in the U.S.A. on dietary 
supplements, and US $4.2 billion on herbal medicines including Chinese herbal medicine 
(CHM) (Dobos et al., 2005). In the United Kingdom, about ₤115 million were spent in 2000 
for complementary medicines, 57% of these being derived from herbal medicines (Barnes, 
2003a).  
 
In U.S.A., most preparations of CHMs are defined as “dietary supplements” rather than 
conventional medical “drugs”, which are sold in the form of individual recipes, often as 
decoctions and ready-made formulas. In Germany, Chinese herbal medicine is very popular. 
Currently about 100-200 tonnes of CHMs are processed each year in Bavaria, a substantial 
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yearly demand in Germany is 500 tonnes (Dobos et al., 2005).  
 
In Australia, traditional Chinese medicine (TCM) has an established history, and has 
expanded rapidly in recent years. It accounts for 3.2% of the total use of complementary and 
alternative medicines (MacLennan et al., 2002). In the state of Victoria, there is also 
substantial use of Chinese herbal medicines (Xue et al., 2005). The Chinese Medicine 
Registration Act has been approved by the Victoria Parliament to regulate practitioners of 
traditional Chinese medicine and dispensers of CHM since 2000, with a total of 479 
acupuncture and Chinese herbal medicine practitioners have been registered in Victoria 
through the Chinese Medicine Registration Board of Victoria (The Chinese Medicine 
Registration Board of Victoria, 2006).  
 
1.1.1.2 Source of CHM in China 
China is rich in medicinal resources with more than 5,000 medicinal herbs identified. The 
number of commercial medicinal materials in China currently is over 1200, and among this, 
about 600 are commonly used. There are about 200 cultivated medicinal plants with an annual 
output of 300 thousands tonnes. The others are wild with an annual output of 400 thousands 
tonnes (Yan, 2001). Currently, together 1,146 Chinese herbal raw materials and Chinese 
herbal patent medicines have been documented in the Chinese Pharmacopoeia (The State 
Pharmacopoeia Commission of People's Republic of China, 2005). 
 
According to statistics of the State Administration of Traditional Chinese Medicine, People’s 
Republic of China (SATCM), currently there are over 600 herbal plantation bases in China for 
the production of Chinese medicinal materials, with about 333, 500 ha of lands employed to 
grow Chinese herbs (excluding the area under woody medicinal materials) with an output at 
about 400 thousands tonnes. A total of 684 pharmaceutical factories in China produce more 
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than 4,000 Chinese patent herbal medicines and over 1,500 factories produce processed raw 
herbal materials. The total output value of Chinese herbal industry in China was expected to 
reach RMB (in Chinese yuan) $27.9 billion in 1997. In addition, there are more than 30,000 
wholesale and retail shops for herbal medicines in China with a total sale value of RMB 
$13.39 billion in 1995.  
 
1.1.1.3 Quality and safety issues on CHM 
The quality and safety of Chinese herbal medicine are important to practitioners and 
consumers (Ernst, 2002). The inconsistent of bioactive components or adulteration in Chinese 
herbal raw materials may reduce the efficacies of CHMs or cause significant adverse reactions 
(Sheng et al., 2006).  
 
Chinese herbal medicines are usually used as a decoction of multi-herb mixture, which may 
contain hundreds of chemical components. Therefore, the biological activities of CHMs may 
release to multiple chemical components and not a single component. A pharmaceutical 
approach to determine the content of a single chemical active component may therefore not 
reflect the quality of herbal product(s). Quality assessing methods such as a multiple 
components determination with multiple bioactive marker compounds and a chromatographic 
fingerprinting could be employed to define the whole quality profile and variations between 
herbal medicines (Li et al., 2003c). 
 
Contaminations by heavy metals, microorganisms, radioactive substances, pesticide residues, 
substitution of toxic herbs, and a adulteration with counterfeit in CHMs, have been widely 
reported (Drew and Myers, 1997). Some of these contaminations may be caused by 
procedures in the growth, processing and storage of Chinese herbal raw materials (Leung et 
al., 2005). For example, organochlorine pesticide residue was determined with capillary gas 
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chromatography in nine Chinese herbs, and two herbs were found exceeding national standard 
(Yang et al., 2006c); Lead, cadmium, mercury, arsenic and thallium were found as 
contaminants of Chinese herbal raw materials and some overseas herbal preparations (Li et al., 
2002b, Sun et al., 2003a, Ernst, 2002).  
 
In addition, substitution is another serious issue. A report of cases of rapidly progressive 
interstitial nephritis in young women taking a Belgian slimming treatment revealed that 
Aristolochia fangchi, containing the nephrotoxic component aristolochic acid, was used in 
place of nontoxic Stephania tetrandra (Cosyns, 2003, Vanherweghem et al., 1993).  
 
The increasing demand of herbal consumption worldwide has created new challenges for the 
governments and industries in developing policies, regulations and standards on related 
natural products, including quality control of raw herbs and proper evaluation of the safety 
and efficacy of herbal medicines (Li et al., 2003a, Expert Committee on Complementary 
Medicines in the Health System, 2003). The quality assurance (QA) in cultivation and 
collection of herbal raw materials is among the most challenging tasks, as the high quality is 
not only concerned about high amount of active components, but also referred to the 
consistent and reproducible of herbal components.  
 
1.1.1.4 Good Agricultural Practices (GAP) and CHM 
One way forward is to introduce so called Good Agricultural Practice (GAP) in the production 
of medicinal herbs. There are different definitions of what constitutes "Good Agricultural 
Practices", so whether a practice can be considered "good" will depend on the standards you 
are applying (Food and Agriculture Organization (FAO), 2003).  
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The WHO released a guideline of “WHO Guideline on Good Agricultural and Collection 
Practices (GACP) for Medicinal Plants” (World Health Organization, 2003b). In European 
Union, the GAP Guideline for Medicinal and Aromatic Plants has been applied to the growing 
and primary processing of all such plants traded and used in European Union (Europam, 
1998). The Chinese State Food and Drug Administration (SFDA) also introduced a GAP 
guideline for Chinese Crude Drugs Production in 2002 (Chinese State Food and Drug 
Administration, 2002).  
 
In Australia, some standards or guidelines have been developed for crop organic produce, e.g. 
Guideline for on-Farm Food Safety for Fresh Produce (Second Edition) (Department of 
Agriculture Fisheries and Forestry of Australian Government, 2004), National Standard for 
Organic and Bio-dynamic Produce (Third Edition) (Organic Produce Export Committee of 
Australian Quarantine and Inspection Service, 2005), and Australian Organic Standard (2006) 
(Australian Certified Organic, 2006). These standards or guidelines have also been referred in 
the organic production of medicinal herbs in Australia.  
 
However, the Australian National Standard for Organic and Bio-dynamic Produce and Good 
Agricultural Practices (GAP) are two different agricultural standards, although certain 
principles between them are similar and overlapping. Basically, the organic standard aims to 
operate by organic practice and to ensure both inputs and outputs are organic, while GAP 
mainly focuses on the standard operation procedure (SOP) of growing process and aims to 
ensure the consistent quality of the produced herbal raw materials (Chinese State Food and 
Drug Administration, 2002, World Health Organization, 2003b).  
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1.1.1.5 Rational of selection of Danshen in this study 
Danshen (Latin name: Salvia miltiorrhiza; herbal name: Radix Salviae Miltiorrhizae), is one 
of the most important and popular used traditional Chinese herbal medicines (The State 
Pharmacopoeia Commission of People's Republic of China, 2005). It has nearly 2000 years 
history for therapeutic use in China. Currently, the annual demand of Danshen raw materials 
was over 10,000 tonnes globally (8,000 tonnes in China and 2,000 tonnes in the other 
countries) (Wei, 2002).  
 
However, certain quality issues were also concerned for Danshen raw materials and its 
products such as low levels of active components and inconsistent or irreproducible of active 
components in different batches in commercial products. Moreover, safety issues such as 
contamination by heavy metals and pesticide residues, substitution of toxic herbs and 
adulteration with counterfeit were also concerned (Ernst, 2004).  
 
One way to address these problems is to produce a high quality raw herb, and local plantation 
of Chinese herbs such as Danshen has been considered as an ideal approach to a sustainable 
growth of herbal industry in Australia (Sheng et al., 2006). This will meet the demand of 
continuous expansion of herbal consumpation or market in Australia (MacLennan et al., 2002). 
On the other hand, Salvia miltiorrhiza and its relative species are distributed worldwidely, and 
are suitable to grow in diverse environmental conditions. By studying different cultivation 
varieties, we may be able to find a suitable cultivation variety to grown in Australia.  
 
1.1.2 Origin  
Danshen refers to the dried root and rhizome of Salvia miltiorrhiza Bunge. It also has a 
pharmaceutical name of Radix Salviae Miltiorrhizae, and other Chinese names (Chi Shen 赤
参 , Zi Danshen 紫丹参 ) and English names (Chinese sage or red sage) (The State 
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Pharmacopoeia Commission of People's Republic of China, 2005).  
 
The word Salvia derives from the Latin “salveo” meaning “to heal” which sums up the 
folkloric belief of its “magic” therapeutic properties for many kinds of ailments and its 
popularity in traditional medicine (Kasimu et al., 1998). It belongs to the genus of Salvia and 
family of Lamiaceae. Salvia is an important genus consisting of around 900 species 
worldwide. Some species of Salvia such as Salvia officinalis have been cultivated worldwide 
for use in folk medicine and culinary purposes (Imanshahidi and Hosseinzadeh, 2006). 
 
1.1.3 Botanic morphology  
Figure 1.1 shows the botanic morphology of Salvia miltiorrhiza grown at the Northern 
Melbourne Institute TAFE (NMIT), Whittlesea. Its seeds were collected from Fangcheng 方
城 county in Henan province, China.  
 
 
 
 
 
 
 
 
 
     
 
Figure 1.1 Image of Salvia miltiorrhiza Bunge (left: plants; right top: leave; right middle: 
inflorescence; and right bottom: roots). 
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Danshen is a perennial herb with a height of 30-70 cm. It grows erectly and has several 
quadrangulate-shape stems. The top of the stem produces several branches. Its aerial part is 
densely covered with light yellow soft hairs and glandular hairs. The pinnate compound leave 
generally has five leaflets; rarely 3 leaflets and grows oppositely (Figure 1.1: left). The apical 
leaflet is bigger than laterals. Its leaflet has ovate to wide ovate shape, and is 2-7 cm length, 
0.8-5 cm width. The apical part gets acuate or acuminate, and the base part is oblique; the 
margin gets round serrated denticles; the both sides are covered densely with white soft hairs 
(Figure 1.1: right top). 
  
The raceme is composed of a few of round umbrella inflorescences, which grow at the top or 
on the leaf axil. Each verticil has 3-10 flowerets. The uppers grow densely, and the lowers 
grow sparsely (Figure 1.1: left). The bractlet is oblanceolate and covered with glandular hairs. 
The purple calyx is campanulate and its laryngeal part is covered densely with white soft hairs. 
The corolla is bilabiate, 2-2.7 cm lengths, and has blue-purple color. The upper lip grows 
erectly, and has falciform shape; its top has a tiny crack. The lower lip is shorter than the 
upper lip, and its top has three cracks; its middle fragment is longer and bigger than laterals 
(Figue 1.1: right middle). The corolla tube has a hairy ring. The floweret has two developed 
stamen, which grow in the middle of the low lip and extend out from the corolla. Two 
staminodium present linear shape, and grow at the lateral of the upper lip laryngeal. Their 
anthers degraded into a petal shape. The floweret also has an epigynous ovary with four 
drastic cracks, and its style is longer than stamen. The stigma breaks into two cracks.  
 
Each floweret grows into four nutlets, which are ellipse and with dark brown. It flowers from 
October to December in Whittlesea area, and it fruits from Novermber to next January. It has 
13-21 purple roots, which are grown from the rhizome (Figure 1.1: right bottom). These 
morphologies of Australian grown Danshen were similar to those grown in China. 
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1.1.4 Status in ancient Chinese medicine 
In ancient China, the Chinese name of Danshen contains many meanings. Dan is the term 
used to depict cinnabar, such as Dansha 丹砂 or Zhusha 朱砂, a type of small crystal of the 
mineral. It also deals with the crimson color of Danshen roots. Furthermore, Dan may have 
been used to convey the high value of Danshen, as cinnabar was generally regarded as the 
principal material of Chinese medicines. On the other hands, Shen refers to ginseng or 
Renshen 人参, which was long regarded as the most precious herb in China.  
 
Danshen was firstly recorded in Shennong Bencao Jing 神农本草经 and ranked as a top 
grade, and described as “it is bitter and slight cold. It is nontoxic and mainly treats evil qi 气
in heart and abdomen, continually gurgle intestines like water running; it also breaks 
concretions, eliminates conglomerations, relieves vexatious fullness, and boosts the qi” 
(Subhuti Dharmananda, 2001).  
 
There also had some records in several Bencao about Danshen morphological characteristics. 
In Wupu Bencao 吴普本草, Danshen was described as: “stem is square like perilla, and hairy. 
It blooms with purple flowerets in April”. In Bencao Tu Jing 本草图经 (1061), Danshen was 
illustrated as follows: “its leaves grow oppositely like mint. It has purple flowerets in March 
and presents like the florescence of perilla. The red root is as big as finger and nearly one chi 
尺 (a unit of length, 1 chi =0.33 m)”. Shizhen Li 李时珍, a highly influential figure in Bencao 
Gangmu 本草纲目 (Ming Dynasty 明代), also said in this text, “Danshen grows everywhere 
on the mountain. One branch has five leaflets. The leaflet is sharp like perilla. The flowerets 
grow into inflorescence like spike and moth, and get thin seed. The root bark is red and the 
inner material is purple”. According to these descriptions, the recorded primary morphological 
features are as same as the current plant of Salvia miltiorrhiza (The Edition Committee of 
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Zhonghua Bencao of the National Traditional Chinese Medicine Administration, 1996). 
 
1.1.5 Distribution in China 
In China, both wild and cultivated roots of Salvia miltiorrhiza are used as Danshen (The State 
Pharmacopoeia Commission of People's Republic of China, 2005). It wildly distributes in 
Liaoning 辽宁, Hebei 河北, Henan 河南, Shandong 山东, Anhue 安徽, Jiangsu 江苏, 
Zhejiang 浙江, Jiangxi 江西, Hubei 湖北, Sichuan 四川, Guizhou 贵州, Shanxi 陕西, Shanxi 
山西, Gansu 甘肃 and Guangdong 广东 provinces. Chuan Danshen 川丹参 is a historically 
famous herb wildly grows in Zhongjian中江 county, Sichuan province.  It was also cultivated 
earliest in Zhongjiang county with about one-hundred-years cultivation history (Wang et al., 
2004a).  
 
Currently, Danshen was cultivated in most provinces of China. Shanxi, Sichuan, Hebei, 
Henan and Shandong are recognised as traditional primary production areas in the production 
of high quality Danshen. Shangluo 商洛 district, located in Shanxi province, is one of the 
largest Danshen production area in China, there Tianjin Tasly 天津天士力 Pharmaceutical 
Group has established the first GAP plantation base of China for Danshen production 
(Chinese State Food and Drug Administration, 2004).  
 
1.1.6 Chemical components  
Chemical studies on Danshen started from 1930’ (Zhou et al., 2005a, Nakao and Fukushima, 
1934). In the beginning, much attention was to lipid-soluble components (Chang et al., 1990). 
More studies were on water-soluble components since danshensu was isolated from Danshen 
decoction in the early of 1980’s. Some of these compounds have been developed into Chinese 
herbal medicine (Jiang et al., 2005a, Lu and Foo, 2002).  
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The Danshen alcohol extract was particularly abundant in diterpene pigments such as 
phenanthrenequinones (Chang et al., 1990). Its aqueous extract has a rich source of phenolics 
(Lu and Foo, 2002). In addition, Danshen also has some flavonoids, triterpenoids and sterols 
(Editorial Board of China Herbal and State Adminstration of Chinese Traditional Medicine, 
1999).  
 
1.1.6.1 Lipid-soluble components 
The major components are diterpenes of tanshinones. Three kinds of red crystal were 
separated by Nakao M. & Fukushima T. (1934), and were respectively identified as 
tanshinone I, tanshinone II and tanshinone III (Nakao and Fukushima, 1934). Later, Takiura 
found that the tanshinone II is the mixture of tanshinone IIA and tanshinone IIB, and the 
tanshinone III is the mixture of tanshinone IIA, tanshinone IIB and cryptotanshinone (Takiura, 
1941). After that several quinonoid compounds, which were designated as tanshinones, were 
isolated and identified (Kakisawa et al., 1968, Hayashi et al., 1970a, Hayashi et al., 1970b, 
Kakisawa et al., 1969). 
 
Today, tanshinone I, tanshinone IIA and cryptotanshinone have been demonstrated as major 
bioactive lipophilic components by pharmacological studies and clinical trials. They have 
varieties of biological activities, including antiischemic, antibacterial, antioxidant and 
antitumor properties (Sze et al., 2005, Gordon and Weng, 1992, Wang et al., 2005c) (Figure 
1.2).  
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Figure 1.2 Chemical structures of three bioactive tanshinones in Danshen roots.  
 
The diterpene components of Danshen were classified into three groups, including ortho-
quinones, para-quinones and other diterpene components. The main diterpene components of 
Danshen are summarised in Table 1.1. Tanshinone IIA, tanshinone I and cryptotanshinone are 
main components in ortho-quinones group. The para-quinone compounds, such as 
isotanshinone I, isotanshinone II and isocryptotanshinone, have very low contents in Danshen. 
Other diterpene compounds such as neocryptotanshinone are less. Today, more than 40 
diterpene components have been isolated from the root of Danshen, and their chemical 
structures have been identified (Zhou et al., 2005a).   
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Table 1.1 Main diterpene components in Danshen roots 
Group Component Reference 
Tanshinone I  
(Nakao and Fukushima, 1934, Wessely and 
Wang, 1940) 
Tanshinone II A  (Takiura, 1941, Okumura et al., 1961) 
Tanshinone IIB (Takiura, 1941, Baillie and Thomson, 1968) 
Cryptotanshinone (Takiura, 1941) 
Ortho-quinones 
Methyltanshinonate  (Kakisawa et al., 1968) 
Isotanshine I & IIA (Kakisawa et al., 1969) 
Isotanshinone IIB (Lee et al., 1987) 
Isocryptotanshinone (Kakisawa et al., 1969) 
Danshenxinkun A , B & C (Fang et al., 1976) 
Danshenxinkun D (Luo et al., 1985) 
Para-quinones 
Dihydroisotanshinone I (Kong et al., 1985) 
Neocryptotanshinone  (Lee et al., 1987) Other 
diterpenes  Neocryptotanshinone II (Lin and Chang, 2000) 
 
1.1.6.2 Water-soluble components 
1.1.6.2.1 Caffeic acid and its derivatives 
The phenolics such as caffeic acid and its derivatives constitute the major part of water-
soluble components in Danshen. Caffeic acid is the building block of its derivatives from 
more simple monomers to multiple condensation oliogomers. Twenty-five caffeic acid 
derivatives have been isolated and identified from Danshen (Lu and Foo, 2002, Jiang et al., 
2005a). According to the number of caffeic acid units, caffeic acid derivatives can be divided 
into different groups, including monomers, dimers, trimers and tetramers (Table 1.2).  
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Table 1.2 Caffeic acid and its main derivatives in Danshen roots 
Group Component Reference 
Caffeic acid (Jiang et al., 2005a) 
3-(3, 4-dihydroxyphenyl) lactic acid  (Yang and Zhang, 1981) 
3-(3, 4-dihydroxyphenyl) lactamide  
Caffeic acid 
and its 
monomer 
Isoferulic 
(Jiang et al., 2005a) 
Rosmarinic acid (Scarpati, 1958, Zou et al., 1993) 
Methyl rosmarinate (Kohda et al., 1989, Li et al., 1993) 
Salvianolic acid C, D, F & G 
Caffeic acid 
dimer 
Prolithospermic acid 
(Jiang et al., 2005a) 
Salvianolic acid A (Lin et al., 2006b, Liu et al., 2006a) 
Salvianolic acid C. (Jiang et al., 2005a) 
Lithospermic acid 
(Kohda et al., 1989, Liu et al., 2006a, Kim et 
al., 2005) 
Lithospermic acid monomethyl ester 
Caffeic acid 
trimer 
Lithospermic acid dimethyl ester 
(Kohda et al., 1989) 
Salvianolic acid E & salvianolic acid B, 
Ethyl lithospermate B 
Magnesium lithospermate B 
(Li et al., 2004f, Li et al., 2004e, Liu et al., 
2006a) Caffeic acid 
tetramer 
Ammonium potassium lithospermate B (Tanaka et al., 1989) 
 
1.1.6.2.1.1 Caffeic acid and its monomers 
Caffeic acid is one of the most common phenolic acids, usually found in fruits, grains and 
some of Chinese herbs (Zhao et al., 2005c, Wen et al., 2005). 3-(3, 4-dihydroxyphenyl) lactic 
acid, which is usually called danshensu in Chinese, was first isolated from the water decoction 
of Danshen (Yang and Zhang, 1981). Its finding significantly indicates that the studies on 
water-soluble components of Danshen were started. The chemical structures of these two 
compounds were shown in Figure 1.3. 
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1.1.6.2.1.2 Caffeic acid dimers  
In this group, all components are condensed with two caffeic acid units. Rosmarinic acid, 
which is firstly isolated from Rosmarinus officinalis in 1958 and found to be condensed of 
caffeic acid with 3-(3, 4-dihydroxyphenyl) lactamide (Danshensu 丹参素) (Figure 1.3), is the 
most rich caffeic acid dimer in Danshen and has been reported to be the major phenolic 
compound responsible for the high antioxidant of Danshen (Huang and Zhang, 1992, Petersen 
and Simmonds, 2003).  
 
1.1.6.2.1.3 Caffeic acid trimers  
The components of this group are structurally constructed by three caffeic acid units. 
Salvianolic acid A was reported to have inhibitory activity on nucleoside transport in cancer 
cells and antitumor property (Zhang et al., 2004d).  Lithospermic acid and its monomethyl 
and dimethyl ester were showed with some biological activities to inhibit adenylate cyclase 
(Kohda et al., 1989).The chemical structures of these two chemical compounds are shown in 
Figure 1.3. 
 
1.1.6.2.1.4 Caffeic acid tetramers 
The constituents of this group can be considered as dimeric coupling derivatives of rosmarinic 
acid through different linkage ways (Jiang et al., 2005a). Salvianolic acid B, which is also 
known as lithospermic acid B, was isolated as the major component of Danshen (Figure 1.4) 
(Lin et al., 2006c, Liu et al., 2006a). It occurs mainly as potassium, ammonium or magnesium 
salts. These salts constitute largely the most important bioactive of Danshen (Lu and Foo, 
2002).  
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1.1.6.2.2 Miscellaneous group 
This group includes protocatechuic acid (Ma et al., 2006), protocatechuic aldehyde (Pan et al., 
2001b), 5-(3-hydroxypropyl)-7-methoxy-2-(3’-methoxy-4’-hydroxyphenyl)-3-benzo[b] 
furancarbaldehyde (Yang et al., 1991) and 1-hydroxypinoresinol-1-O-β-D-glucoside (Kang et 
al., 2003). Protocatechuic aldehyde was usually used as a bioactive marker to evaluate the 
qualities of Danshen and its pharmaceutical preparations (Figure 1.4) (Liu et al., 2006a, Suo 
et al., 2005). 
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                            Caffeic acid                                              Danshensu                                                        Rosmarinic acid 
                                           
                                                Salvianolic acid A                                                                                                            Lithospermic acid  
Figure 1.3 Chemical structures of caffeic acid, danshensu, rosmarinic acid, salvianolic acid A and lithospermic acid in Danshen roots. 
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 Figure 1.4 Chemical structures of salvianolic acid B, magnesium tanshinoate B and protocatechuic aldehyde in Danshen root 
Salvianolic acid B 
Protocatechuic aldehyde Magnesium tanshinoate B 
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1.1.7 Pharmacological activities  
In recent years, the pharmacological activities of Danshen have been widely studied (Zhou et 
al., 2005a, Imanshahidi and Hosseinzadeh, 2006, Jiang et al., 2005a, Lee et al., 1999, Wang et 
al., 2005c). Its main pharmacological activities include anti-ischemic (Ji et al., 2000), anti-
oxidant (Huang and Zhang, 1992, Zhao et al., 2006a), anti-bacterial (Fang et al., 1976, Lee et 
al., 1999) and anti-cancer properties (Yang et al., 2005a, Wang et al., 2005c). These activities 
were mainly mediated in its bioactive lipid-soluble components such as tanshinone I, 
tanshinone IIA and cryptotanshinone (Xia et al., 2005, Ji et al., 2000) and water-soluble 
components such as salvianolic acid B (Lay et al., 2003, Chen et al., 2000).  
 
However, there are significant differences in pharmacological activities between lipid-soluble 
and water-soluble components. The former mostly show anti-bacterial and adjusting 
endocrine effects, and the latter play more roles in antioxidant activities (Zhou et al., 2005a). 
In addition, each specific bioactive component has its unique pharmacological activities. 
Therefore, several bioactive components and its derivates such as sodium tanshinone IIA 
sulfonate (STS) were developed into specific drugs with certain therapeutic efficiency (Wu et 
al., 1993).  
 
1.1.7.1 Lipid-soluble components 
The anti-bacterial activity of Danshen was earliest found from cryptotanshinone and 
dihydrotanshinone I (Fang et al., 1976, Gonzalez et al., 1989). Later, other pharmacological 
activities such as effects on cardiovascular system and nervous system were also 
demonstrated in sodium tanshinone IIA sulfonate (Imanshahidi and Hosseinzadeh, 2006, Li et 
al., 2004c, Wang et al., 2005a, Wu et al., 1993, Xia et al., 2005). 
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1.1.7.1.1 Anti-bacterial activity 
Studies on the relationship between formations of superoxide radicals by Danshen agents 
such as cryptotanshinone and dihydrotanshinone I and their antibacterial activities have been 
conducted in Gram-positive and Gram-negative bacterium (Lee et al., 1999). The results 
found that superoxide radicals were important in the antibacterial actions of these agents by 
inhibiting DNA, RNA and protein synthesis, and then inducing the death of bacterium (Deng 
et al., 2006). 
 
1.1.7.1.2 Cardiovascular action 
Tanshinones have been shown to have properties of protective effect on endothelial cells 
(Yang et al., 2005a, Wu et al., 1993), protecting against myocardial ischemia (Zhao et al., 
1996, Yagi et al., 1989), improving blood metabolism (Mao et al., 2006), increasing coronary 
blood flow (Ji et al., 2000) and protective activity on cardiac muscles (Wu et al., 1993).  
 
Sodium tanshinone IIA sulfonate (STS), a derivative of tanshinone IIA, has been shown as a 
cardio protective substance (Wu et al., 1993). A cultured myocytes and cardiac fibroblasts 
(non-myocytes), which were prepared from neonatal rat’s heart, were employed to 
characterise the effect of STS on angiotensin II-induced hypertrophy. STS markedly 
suppressed angiotensin II-induced enlargement of cells and [3H] phenylalanine incorporation, 
and also prevented the rise in [Ca2+]i, which was mediated by angiotensin II in myocytes 
(Takahashi et al., 2002). 
 
1.1.7.1.3 Anti-inflammatory activity 
Tanshinone I was revealed as a phospholipase A2 inhibitor and may contribute to the 
antiinflammatory activity of Danshen. The effect of tanshinone I on arachidonic acid 
metabolism from lipopolysaccharide-induced RAW 264.7 cells and the anti-inflammatory 
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activity was conducted (Kim et al., 2002).   
 
1.1.7.1.4 Induction of apoptosis and anti-cancer activity 
Tanshinone IIA and tanshinone I have been demonstrated to induce apoptosis in human 
hepatocellular carcinoma cells and activate hepatic stellate cells (Yuan et al., 2004, Kim et al., 
2003, Yang et al., 2005a). Tanshinone I induced apoptosis of rat hepatic stellate cells 
transformed by simian virus 40 (T-HSC/CI-6) which may involve caspase-3 activation 
through cytochrome c release (Kim et al., 2003).  
 
Tanshinone IIA could inhibit the growth of the human hepatoma cell line BEL-7402 in a dose-
dependent manner, causing nuclear chromatin condensation and fragmentation, cell shrinkage 
and the formation of apoptotic bodies (Tang et al., 2003). It has also been found with 
antioxidant properties and cytotoxic activities against multiple human cancer cell lines. The 
mechanism of its anticancer activity could be attributed in part to its inhibition of proliferation 
and apoptosis induction of cancer cells through up-regulation and down-regulation of multiple 
genes involved in cell cycle regulation, cell proliferation, apoptosis, signal transduction, 
transcriptional regulation, angiogenesis, invasive potential and metastatic potential of cancer 
cells (Wang et al., 2005c).   
 
1.1.7.1.5 Neuroprotective action 
Tanshinones have been demonstrated with neuro-protective effects in transient focal cerebral 
ischemia and in neuro-pathological changes induced by amyloid beta-peptide 1-40 injection in 
hippocampus in mice (Lam et al., 2003). They had protective effect on injured PC 12 cells 
through inhibiting ischemia injury and calcium overloading and preventing PC 12 cells from 
apoptosis induced by serum-free medium (Ji and Liu, 2001, He et al., 2001).  
 
 26 
1.1.7.2 Water-soluble components 
1.1.7.2.1 Danshensu 
Danshensu has been shown to dilate coronary arteries (Dong and Jiang, 1982), inhibit platelet 
aggregation (Chen and Zhu, 2005) and improve microcirculation (Chan et al., 2004). These 
activities may be attributed to its anti-lipid-peroxidation action, which was associated with 
intracellular calcium homeostasis in cardiac muscle cells (Cao et al., 2003).  
 
Furthermore, danshensu has been shown to scavenge oxygen free radicals and protect 
mitochondrial membrane from the ischemia-reperfusion injury in the myocardium (Zhao et al., 
1996), and protect against the homocysteine-induced endothelial dysfunction (Chan et al., 
2004). 
 
1.1.7.2.2 Salvianolic acids 
Salvianolic acid A and B were demonstrated with stronger antioxidant activities than 
danshensu and protocatechuic aldehyde (Liu et al., 2006c). In addition, salvianolic acids also 
inhibite platelet aggregation (Tang et al., 2002) and reduce atherosclerosis (Lin et al., 2006a).  
 
1.1.7.2.2.1 Anti-oxidant activity 
Salvianolic acid B has three antioxidant effects, including anti-lipid peroxidation, scavenging 
free radicals and antioxidation of low density lipoprotein (Jiang et al., 2005a). It showed a 
protective action against ischemia-reperfusion induced injury in rat brain by reducing lipid 
peroxides and scavenging free radicals (Chen et al., 2000). Salvianolic acid B was found to 
inhibite lipid peroxidation of rat liver microsomes induced by iron/cysteine and the hemolysis 
of rat erythrocytes induced by hydrogen peroxide (Liu et al., 1992). In addition, salvianolic 
acid B showed an inhibitory effect on recombinant human vascular endothelial growth factor 
induced hyperpermeability in bovine aortic endothelial cells (Qui et al., 2001). 
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1.1.7.2.2.2 Protection against cerebral and heart ischemia-reperfusion 
In a focal cerebral ischemia-reperfusion model, the protective effects of salvianolic acid B 
against the ischemia-reperfusion induced rat brain injury were determined. Salvianolic acid B 
(10 mg/kg of dosage) also inhibited the decrease in levels of superoxide dismutase (SOD), 
reduced glutathione (GSH) and adenosine 5-triphosphorate (ATP), and increased levels of 
malondialdehyde (MDA) and lactate acid (LA) (Chen et al., 2000). These pharmacological 
activities were associated with the antioxidant activities of salvianolic acids such as reducing 
lipid peroxides and scavenging free radicals (Jiang et al., 2005a). 
 
The protective effect of salvianolic acid A on cardiac ischemia-reperfusion induced injury 
was also studied on an isolated rat heart. The results showed that salvianolic acid A can 
reduce the occurrence of ventricular fibrillation, decrease the damage of cardiac leaking in 
Langendorff rat heart and reduce the concentration of lipid peroxidation product-MDA 
significantly in ischemia-reperfused cardiac tissue (Du et al., 1995). 
 
1.1.8 Clinical application 
1.1.8.1 Medicinal preparations 
Danshen is usually applied clinically in the form of compound preparations (Zhang et al., 
2002a). In China there are different compound Danshen preparations, including Compound 
Danshen Injection, Compound Danshen Tablet and Compound Danshen Dripping Pill (Tang 
and Yang, 2003). 
 
Compound Danshen Injection is constituted of two herbs, Danshen and Jiangxiang 降香
(Lignum Dalbergiae Odoriferae), and usually used for the treatment of coronary heart disease, 
pulmonary heart disease, diabetes, hypertension and nephropathy syndrome (Chen et al., 
2006a).  
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Compound Danshen Tablet is a traditional formula of Chinese herbal medicines recorded in 
Chinese pharmacopoeia (2005). It is composed of three herbs, Danshen extracts, Sanqi 三七
(Radix Notoginseng) and Bingpian 冰片 (Borneolum Syntheticum), and mainly used for the 
treatment of coronary heart disease and angina (Deng, 2003).  
 
Compound Danshen Dripping Pill is one of modified Danshen preparations from Compound 
Danshen Tablet. Compound Danshen Dripping Pill mainly contains water-soluble 
components, while Compound Danshen Tablet contains lipid-soluble components. It has 
better therapeutic effects than Compound Danshen Tablet for angina (Tang and Yang, 2003).   
 
1.1.8.2 Clinical therapeutic efficacy 
Danshen and its preparations have been used in China for many years. They mainly used for 
diseases of cardiovascular system, respiratory system, liver and kidney (Chan et al., 2004, 
Zhou et al., 2005a). The major clinical indication is coronary heart disease such as angina 
(Qiu et al., 2005, Wang et al., 2006b). They also have been used for the treatment of 
hyperlipemia, atherosclerosis and cerebrovascular disease (Yang et al., 2006a, Zhang et al., 
2004c, Min et al., 2002).  
 
1.1.8.3 Herb-drug interaction 
Cases of interactions between warfarin and Danshen have been reported (Izzat et al., 1998, 
Chan, 2001). The effects of Danshen on pharmacokinetics and pharmacodynamics of warfarin 
in rats have been reported most extensively (Lo et al., 1992, Chan et al., 1995, Yu et al., 1997, 
Izzo et al., 2005). Danshen should be avoided in patients taking warfarin (Cheng, 2006).  
 
In addition, Danshen extract may affect activities of cytochrome P450 (CYP), UDP-
glucuronosyl transferase (UGT) and glutathione S-transferase (GST), which are involved in 
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the metabolism of most drugs (Yang et al., 2002). The induction and inhibition of these 
enzymes could change the pharmacological activities and toxicities of drugs or chemicals 
(Guengerich, 1997).  
 
Tanshinone IIA was reported to induce CYP1A2 in the arylhydrocarbon responsive C57BL/6J 
(B6) mice and promote the levels of CYP1A2 protein and mRNA, but the levels of CYP1A2 
protein and mRNA were not affected in the nonresponsive DBA/2J (D2) mice. In contrast, 
tanshinone IIA decreased CYP3A activity in D2 mice, but it had no effects on UGT and GST 
activities in both B6 and D12 mice (Ueng et al., 2004).  
 
The administration of Danshen was effective in amelioration of carbon tetrachloride-induced 
hepatotoxicity in rats, and this effect maight be due to its ability to decrease the metabolic 
activation of carbon tetrachloride by an increase in CYP2E1 protein content and its 
antioxidant activity, which were associated with less increase in hepatic inducible nitric oxide 
protein content (Lee et al., 2003)  
. 
1.1.9 Herbal market  
In recent two decades, the wide therapeutic application of water-soluble components of 
Danshen increased the demand of Danshen. In 2002, the annual demand of Danshen raw 
materials was 10,000 tonnes worldwide, among them, 8,000 tonnes for domestic and 2,000 
tonnes for overseas (Wei, 2002). 
  
A survey by Qin (2006) showed that the annual demand of Danshen is gradually increasing to 
more than 13,000 tonnes. Most of them were used to make Compound Danshen preparations 
such as Compound Danshen Tablet, Compound Danshen Dripping Pill and Compound 
Danshen Injection. The annual demand of Danshen raw material, only in four pharmaceutical 
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industries such as Beijing TongRenTang 北京同仁堂, Guangzhou BaiYunShan 广州白云山, 
and Tianjin Tasly is more than 8,000 tonnes. Moreover, in China there are more than 300 
medium and small sized pharmaceutical industries which use Danshen and nearly 80% 
pharmaceutical industries of Chinese herbal medicine and all Chinese medicine hospitals 
require Danshen raw materials (Qin, 2006). 
 
On the other hands, the popular use of Danshen may have also increased in market out of 
China. The exact amount of exported Danshen raw material from China is very hard to 
calculate, but the amount of exported Chinese herbal medicines may reflect this tendency. 
According to the statistics of Chinese Customs, the gross export of Chinese herbal medicines 
in 2005 is more than US $8 billion, among them, US $3.38 billion for herbal raw materials 
(Liu, 2006). 
 
1.2 Agricultural Production 
1.2.1 Biological characteristics 
A number of factors may influence the biological characteristics of Danshen plants.  This is 
because Danshen is cultivated in diverse areas of China, such as Shandong, Shanxi and 
Sichuan etc. provinces, which have distinct climatic conditions such as temperature and 
rainfall (Shu et al., 2004, Jiang and Wei, 2004). Diversity of propagation methods, which are 
traditionally used at different production areas, also influence Danshen biological 
characteristics (Wang et al., 2003c).  
 
Within these variations, the general biological characteristics of Danshen are demonstrated in 
the following studies. (1) A perennial herb under natural conditions (Guo, 1992, Sun et al., 
2005); (2) Senescence of its aerial part in winter and sprout again in next spring (Jiang and 
Wei, 2004); (3) Two growth peaks of aerial parts and roots in an annual growth cycle (Jiang 
 31 
and Wei, 2004); (4) Seedlings, propagated by seeds, only grow basal leaves in the first year, 
and then grow stem leaves in the second year (Jiang and Wei, 2004); (5) The vernalised plants 
flower and bear fruit (Shu et al., 2004); (6) Its root has adventitious buds, and could generate 
new plants from the upper extreme of the disrupted root (Wang et al., 2002). In addition, 
Danshen often reproduces by seeds, root segments and rhizomes (Yao et al., 2005).  
 
1.2.1.1 Growth features 
1.2.1.1.1 Growth of aerial parts 
Danshen seeds take fives days in laboratory with a germination peak at 25 ºC (Chen, 1998). 
In field, seeds take 5-10 days to germinate a couple of cotyledons and at most 15 days at the 
air temperature of 15-25 ºC (Jiang and Wei, 2004). The root segments sprout their 
adventitious buds at the air temperature of 15-17 ºC (Shu et al., 2004). For example, at the 
production area of Shangluo district in Shanxi province, China, root segments sprouted in 
early April, with final few sproutings in early June (Jiang and Wei, 2004).  
 
The weight of aerial parts (both fresh and dry) was found to increase linearly at 80-120 days 
after plantation, then followed by a slowly increase at 120-180 days. Similarly, the plant 
height increased linearly at 80-120 days, and remained stable after 140 days, while the seeds 
matured (Sun et al., 2005). 
 
Those leaves, which grow under the middle part of the stem, may senescence in July and 
August, and then new lateral branches grow up from axillary buds at the base of sapless 
inflorescences. At this moment, more basal leaves grow simultaneously (Agricultural Internet, 
2006). These newly growing branches and their leaves can reinforce the photosynthesis of 
leaves. 
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1.2.1.1.2 Growth of roots 
A field observation showed that lateral roots of Danshen usually grow from the rhizome 
(Jiang and Wei, 2004). New lateral roots grow in the lower extreme of its disrupted root after 
seven days of plantation (Cai et al., 1991). 
 
There are three growth stages of Danshen roots at 0-40 days, 40-100 days and 100-200 days 
after plantation. The roots grow most quickly in weight at 100-200 days after plantation (Sun 
et al., 2005). Two rapid growth stages were found at 30-70 days and 140-200 days (Jiang and 
Wei, 2004). 
 
1.2.1.1.3 Florescence 
The phenophase of Danshen florescence were observed from late April to late October at the 
production area of Shangluo district in Shanxi province. The inflorescences were nearly in full 
bloom in middle to late May, about 75 to 90% of flowerlets were in bloom at this stage (Liu et 
al., 2004d).  
 
Danshen has infinite inflorescences and perform successively flowering from lower to upper 
inflorescence (Agricultural Internet, 2006). It takes two and six days to fully open flowerlets 
in an inflorescence and most open in the second day (74.9%). Moreover, most flowerlets 
bloom at 8 am to 10 am, and the whole inflorescence blooms continuously for eight to eleven 
days (Liu et al., 2004d).  
 
1.2.1.2 Propagation features 
In China, each traditional Danshen production area has its own propagation method. For 
example, at the production area of Zhongjiang county in Sichuan province, root segment 
propagation is traditionally used, while seed propagation is often employed in Linqu county of 
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Shandong province.  
 
Nevertheless, traditional propagation methods are gradually being modified to improve the 
herbal quality of produced Danshen raw materials (Zhang and Zhang, 2004, Zhang et al., 
2002b). For example, the direct plantation with root segments (used in Sichuan) was gradually 
replaced by a two-stage plantation in which root segments were cultivated firstly to obtain 
seedlings, and then seedlings were transplanted. Furthermore, both propagations of root 
segment and plant division are gradually being replaced with seed propagation (Agricultural 
Internet, 2006). 
 
1.2.2 Germplasm resources  
Danshen has varieties of germplasm resources in China (Guo et al., 2002). These diversities 
not only show lots of species in the genus of Salvia, but also show some varieties and forms 
of Salvia miltiorrhiza (Sun and He, 1995, Jian et al., 1989). Recently, more attentions were 
also focused on the differentiation of geographic types, which were often named as regional 
cultivation varieties (cultivars) of Salvia miltiorrhiza due to long term environmental 
adaptation and elaborate agricultural selection in different production areas (Zhang et al., 
2002b).  
 
1.2.2.1 Species in the genus of Salvia 
A number of species in the genus Salvia are employed in Chinese herbal medicine, for 
example S. przewalskii (Gansu Danshen in Chinese) but only S. miltiorrhiza is considered 
official as the herb Danshen. With the continuously decrease of Danshen wild resources, 
There have been the attempts to found other medicinal plants in the genus of Salvia, which 
could be instead of Danshen since 1970’s (Chu et al., 2003). More studies have been 
conducted to determine their chemical constituents and pharmacological activities (Jian et al., 
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1989).  
 
Totally 25 species (including variety and form) have been clarified their roots and rhizomes to 
substitute for Danshen (Xiao et al., 1997). However, only ten species were found to replace of 
Danshen in herbal market. The common found species are Nan Danshen 南丹参 (Salvia 
bowleyana Dunn), Ganxi Shuwei 甘西鼠尾 (S. przewalskii Maxim.), Yunnan Shuwei云南鼠
尾 (S. yunnanensis C. H. Wright), and usually called Nan Danshen, Gansu Danshen 甘肃丹
参 and Dian Danshen 滇丹参 in herbal market respectively; The rare found species are Ni 
Danshen 拟丹参 (S. paramiltiorrhiza H. W. Li et X. L. Huang sp. Nov.), Zhewan Danshen 浙
皖丹参 (S. sinica Migo) and Zihua Zhewan Danshen 紫花浙皖丹参 (f. purpraea) (Xiao et al., 
1997). Among them, Danshen (normally cultivated) and Gansu Danshen are mainstream of 
this herb (Chu et al., 2003).   
 
Two kinds of chemical components, lipid-soluble such as tanshinones and water-soluble such 
as phenolics, were determined in Salvia plants, to make clear which herbs have higher 
tanshinones, and also which herbs have higher phenolics (Guo et al., 2002, Jian et al., 1989, 
Sun and He, 1995, Chu et al., 2003, Shi et al., 2006, Qiu, 1998). The contents of these 
chemical constituents in Salvia species are summarised in Table 1.3 (Jian et al., 1989). 
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Table 1.3 Agricultural production areas, species and contents of total tanshinones and 
phenolics in roots of different Salvia species 
Species (Pinyin/Latin name) 
Production area 
(province) 
Total tanshinones 
(w/w, %) 
Total phenolics 
(w/w, %) 
Ganxi Shuwei/S. przewalskii Yunnan 2.216 1.079 
Hemao Shuwei褐毛鼠尾/S. przewalskii 
var .mandalinorum 
Sichuan 1.137 0.285 
Danshen/S. miltionhiza Anhui 1.112 2.350 
Sanye Danshen 三叶丹参/S. trijuga Yunnan 0.669 1.222 
Dian Shuwei 滇鼠尾/S. yunnanensis Yunnan 0.578 1.005 
Lise Shuwei 栗色鼠尾/S. castana Yunnan 0.570 0.991 
Zihua Ni Danshen 紫花拟丹参
/S.paramiltiorrhiza f. purpureorubra 
Anhui 0.570 2.276 
Ni Danshen/S.paramiltiorrhiza Anhui 0.460 1.717 
Mao Dihuang Shuwei 毛地黄鼠尾        
/S. digitaloides 
Yunnan 0.167 0.415 
Zhewan Danshen/S. sinica Anhui 0.117 0.882 
Nan Danshen/S. bowleyana Jiangxi 0.082 2.518 
Jiye Shuwei 戟叶鼠尾 /S. bulleyana Yunnan 0.067 0.820 
Zihua Zhewan Danshen/S. sinica f. 
purpureorubra 
Anhui 0.042 1.205 
Huanghua Shuwei 黄花鼠尾/S. flava Yunnan 0.038 1.492 
 
Great differences in contents of total tanshinones and total phenolics are shown in different 
species of Salvia. There is no significant negative correlation between total tanshinone and 
total phenolics in Salvia species. Ganxi Shuwei, Hemao Ganxi Shuwei, Danshen, Sanye 
Danshen, Dian Danshen, Zihua Ni Danshen have higher contents of total tanshinones than the 
other species, among them, Ganxi Shuwei, and Hemao Ganxi Shuwei had higher contents of 
total tanshinones than Danshen. On the other hands, Nan Danshen had higher content of total 
phenolics than Danshen, and Zihua Ni Danshen had similar content of total phenolics 
compared to Danshen. 
 36 
Ganxi Shuwei was found to have highest content of total tanshinones (Sun and He, 1995). In 
addition, Nan Danshen, Huanghua Shuwei and Danshen were found to have higher contents 
of salvianolic acid B and total phenolics than other Salvia species. Ganxi Shuwei, Hemao 
Ganxi Shuwei and Sanye Danshen had more than two times higher contents of tanshinone IIA 
than Danshen (Shi et al., 2006).  
 
1.2.2.2 Variety and form of Salvia miltiorrhiza  
Salvia miltiorrhiza have been reported with two taxonomic varieties and one form (Guo et al., 
2002). The original variety is Salvia miltiorrhiza var. miltiorrhiza. This variety gradually 
varies and splits into two forms. One is original form, identified as f. miltiorrhiza; the other is 
Baihua 白花 form, and denominated as f. alba C. Y. Wu et H. W. Li. The latter, also called 
Baihua Danshen 白花丹参 in Chinese, has white flowers and differs from the former, and 
specifically distributes in Shandong province (Li et al., 2000c). Another variety is a Danye 单 
叶 variety, usually called as Danye Danshen and identified as var. charbonnelii (Lévl.) C. Y. 
Wu, comb. nov. This variety differs from the original variety with simple leave or 
occasionally with compound leave. It distributes in Hebei, Shanxi, Shanxi, Henan and 
Shandong provinces.  
 
Baihua Danshen was found to have simiar chemical consistents as the original form of 
Danshen (f. miltiorrhiza) (Li et al., 1991). However, its three main tanshinones were reported 
to have higher contents than Danshen grown at the same locality. Baihua Danshen had two 
times higher contents of cryptotanshinone and total tanshinones than Danshen but both of 
them had similar contents of tanshinone IIA (Jian et al., 1989).  
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1.2.2.3 Regional cultivation variety (cultivar) of Salvia miltiorrhiza 
1.2.2.3.1 High content of tanshinone I, tanshinone IIA and cryptotanshinone  
A study by Lin et al. (2002) showed the chemical differential of Danshen in different 
production areas. Danshen grown at Sichuan, Henan and Shandong provinces produce 
significantly higher content of tanshinone IIA than those grown in other provinces (Table 1.4). 
On the other hands, Danshen, grown in Lushi 卢氏 and Lingbao 灵宝, two counties in Henan 
province, have significant differences in the content of tanshinone IIA (0.58% vs. 0.21%); 
similar result was also found in Yinan 沂南 and Yishui 沂水 counties in Shandong province 
(0.73% vs. 0.37%). 
 
Table 1.4 Agricultural production areas and content of tanshinone IIA in different Danshen 
batches  
Yinan Yishui Production 
 area 1) 
Jiangxian 
绛县, 
Shanxi 
Lingbao, 
Henan 
Lushi, 
Henan Shandong 
Chengde 
承德, 
Hebei 
Bozhou 
亳州, 
Anhui 
Zhongjiang, 
Sichuan 
Tanshinone 
IIA (w/w, %) 
0.19 0.21 0.58 0.73 0.37 0.06 0.15 0.44 
1) The production area was shown as county and province in China, e.g. Jiangxian county in Shanxi province. 
 
Three primary traditional production areas of Danshen in China, Zhongjiang in Sichuan 
province, Pingyi 平邑 in Shandong province, and Lingbao in Henan province, produced 
Danshen which had higher contents of tanshinone IIA, more than two times higher than that 
in Chinese pharmacopoeia (2005) (0.2%, w/w). The secondary production areas such as 
Pucheng 蒲城 in Shanxi province, and Chongming 崇明 in Shanghai 上海 city produced 
Danshen which had lower contents of tanshinone IIA, often three or four times less than those 
from primary production areas (Li et al., 2000a).  
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Moreover, significantly higher contents of cryptotanshinone were found in specific 
germplasm resources. Danshen roots, grown in Liaoning province, had less content of 
tanshinone IIA than those grown in Shandong province (0.23% vs. 0.40%), but the former had 
higher content of cryptotanshinone than the latter (0.46% vs. 0.33%).  Similar results were 
found from the germplasms grown in Liaoning and Sichuan (0.46% vs. 0.39%) (Li et al., 
2000a). 
 
1.2.2.3.2 Higher contents of danshensu, protocatechuic aldehyde and salvianolic acid B  
The contents of danshensu and protocatechuic aldehyde significantly differ in different 
production areas (An et al., 2005). Danshen from primary production areas had similar 
contents of danshensu and protocatechuic aldehyde to those from the secondary production 
areas (Table 1.5). 
 
Table 1.5 Agricultural production areas and contents of danshensu and protocatechuic 
aldehyde in different Danshen batches  
Production  
area 1) 
Sheyang 
射阳, 
Jiangsu  
Linyi, 
Shandong  
Shangqiu 
商丘, 
Henan  
Anqing 
安庆, 
Anhui  
Zhongjiang, 
Sichuan 
Antu, 
Hebei  
Chuansha 
川沙, 
Shanghai  
Danshensu 
(w/w, %) 
0.319 0.322 0.237 0.377 0.162 0.395 0.242 
Protocatechuic 
aldehyde  
(w/w, %) 
0.102 0.124 0.086 0.121 0.087 0.091 0.082 
1) The production area was shown as county and province in China, e.g. Sheyang county in Jiangsu province. 
 
With regard to the content of salvianolic acid B, there were great diversities in various batches 
collected from different production areas. Batches grown in Sichuan, Yunnan and Shandong 
provinces were found to have high content of salvianolic acid B (You and Chen, 2003). 
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1.2.2.3.3 Description of excellent regional cultivars 
1.2.2.3.3.1 Chuan Danshen 
Chuan Danshen is mainly grown in Zhongjiang county, Sichuan province. The small-leave 
type (S. miltiorrhiza Bge. cv.silcestris), which was selected and purified from the wild 
germplasm, was demonstrated as an excellent germplasm resource of Chuan Danshen with 
high root yield, good herbal appearance and high content of tanshinone IIA (0.298%, w/w), 
and could be used instead of the large-leave type (S. miltiorrhiza Bge. cv.sativa), a traditional 
cultivar of Chuan Danshen (Zhang et al., 2002b). 
 
1.2.2.3.3.2 Shangluo Danshen 商洛丹参 
Shangluo Danshen is mainly grown in Shangluo distrist, Shanxi province. Its earliest 
domestical cultivation started in the seventies to the early eighties (Jiang and Ren, 2001). 
Shangluo Danshen, which was grown in Danshen GAP plantation base of Tianjin Tasly 
Pharmaceutical Group, had a root yield of 5,247-5,997 kg/ha. Its danshensu content was 
stabilized at 2.2-2.8%, and tanshinone IIA content often reached 0.36-0.48%, nearly 2 times 
higher than the standard of Chinese pharmacopoeia (2005) (Jiang and Wei, 2004, Jiang and 
Ren, 2001).  
 
1.2.2.3.3.3 Yu Danshen 豫丹参 
Yu Danshen is mainly grown in Fangcheng county of Henan province. Early in the Ming and 
Qing dynasties, it was famous both in China and overseas with good quality such as purple 
colour, more phloem and less xylem in its texture. The tanshinone IIA content, in wild Yu 
Danshen and cultivated Yu Danshen, was 0.68% and 0.37-0.45%, respectively, nearly 2 times 
higher than the standard of Chinese pharmacopoeia (2005) (Jin et al., 2002).  
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1.2.2.3.3.4 Danshen tetraploid 
The so-called 61-2-22 Danshen tetraploid strain was selected as the best strain from ten 
Danshen tetraploid strains, which were induced by tissure culture and selected through three-
generation propagations in two-year continuous cultivation. This strain had 79% higher 
content of total tanshinones (cryptotanshinone, tanshinone I and tanshinone IIA) and 71.1% 
higher root yield than the control, which was used to induce this Danshen tetraploid strain 
(Gao et al., 1995, Gao et al., 1996). In particular, the tanshinone IIA content in this tetraploid 
strain is not much high, only 0.206%, but the cryptotanshinone content is much high (0.424%), 
nearly 2.5 times higher than the control (Gao et al., 1996). 
 
1.2.3 Environmental conditions 
The growth of Danshen and improvement of its bioactive ingredients are closely associated 
with two-side conditions, including environmental conditions and agricultural conditions. The 
former has a relationship with the growth habit of Danshen. The selection of appropriate 
cultivation locality is a requisite procedure before plantation to provide suitable climatic and 
soil conditions for Danshen (Jiang and Wei, 2004). This is why a variety of so-called Daodi 
Yaocai 道地药材(traditional herbs) are produced in specific geographic regions such as 
Sichuan, Shandong and Shanxi (Wu et al., 2000).  
 
1.2.3.1 Climatic conditions 
1.2.3.1.1 Temperature 
Temperature is a principal factor influencing the growth of Danshen plants. Danshen seeds 
germinate immediately at soil temperatures of 15-25ºC. The dormant plants sprout in spring 
when the soil temperature is over 10ºC. The aerial parts of Danshen grow rapidly at air 
temperatures of 20-26ºC; it enters dormant when the air temperature is below 10ºC (Shu et al., 
2004). The ecological environment of Zhongjiang county in Sichuan province was analysed 
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by Wu et al. (2000). Danshen was mainly cultivated at the low-relief terrain located in the 
northwest of this county, with resulting in mild annual average air temperature of 14.8-16.5°C 
(Wu et al., 2000). 
 
1.2.3.1.2 Water 
Water plays a vital role in the growth of Danshen plants, influencing the uptake and utilization 
of soil nutrients and regulating the root growth. Danshen has unique water requirements (Gao 
and Liang, 2004). Generally, Danshen prefers to a moderately humid environment, but its 
resistance to flooding and waterlogging is poor. These characteristics can be expected given 
its original ecological habitat. Therefore, low-lying topography with poor drainage is not 
suitable for growing Danshen. On the other hands, excessively dry weather and soil 
conditions are not propitious for the growth of Danshen, especially at the sprouting stage in 
spring and root rapid growth stage in autumn (Jiang and Wei, 2004). 
 
The water consumption characteristics and water application efficiency of Danshen in 
different soil conditions has been investigated. The water consumption peaks in its whole 
growth cycle usually happen between June and August and about 70% maximum water 
holding capacity in soils should be kept at these stages (Gao et al., 2004).  
 
1.2.3.2 Soil conditions 
The contents of inorganic elements in Salvia miltiorrhiza roots, collected from different 
production areas, and the physicochemical properties of their grown soils were analysed. The 
main properties of Danshen grown soils in different production areas are sandy loam and clay 
loam, and their pH values are in the range of 6.0-8.7. No obvious principal components for 
the growth of Danshen were found in soils (Table 1.6). Consequently, Danshen had a good 
adaptability in various ecological environment of soils (Zhao et al., 2004).  
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Moreover, this study also clarifed that the fertilisers of different soils are not much high and 
even very low in certain production areas. For example, the organic matter of the soils in 
Shandong province is less than 1%, and the total nitrogen is only 0.04%. Besides a few 
plantation localities in Sichuan and Henan provinces where the contents of rapidly available 
phosphorus are more than 15 ppm, other plantation localities are on the low level (5-10 ppm) 
(Zhao et al., 2004). In regard to trace elements, no correlation could be found between 
production areas and amounts of trace elements (Table 1.6).  
 
Table 1.6 Physical and chemical properties of soils in different Danshen production areas in 
China 
Total (w/w, %) 
Rapidly available 
(ppm) 
Trace element (ppm) 
Production 
area 1) 
Soil 
texture 
pH 
Organic 
matter 
N 2) P 3) K 4) Fe Mn Zn Cu B 
Zhongjian, 
Sichuan 
Clay 
loam 
6.0 1.14 0.106 25.7 146.7 9771 241 30 6 46 
Jiangxian, 
Shanxi 
Sandy 
loam 
8.7 1.21 0.067 9.2 186.5 10456 281 35 10 47 
Luoning, 
Henan 
Clay 
loam 
7.6 2.05 0.111 32.9 259.8 25387 246 37 9 51 
Yinan, 
Shandong 
Clay 
loam 
7.4 0.80 0.039 6.1 150.1 9449 191 15 8 53 
Chende, 
Hebei 
Sandy 
loam 
8.3 1.00 0.057 6.7 109.9 9332 196 42 9 101 
1) The production area was shown as county and province in China, e.g. Zhongjiang county in Sichuan province; 
2) N: nitrogen; 3) P: phosphorus; K: potassium. 
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1.2.4 Agricultural conditions  
The agricultural conditions are complementary to environmental conditions for Danshen 
cultivation. For example, the sunshine intensity in the population of Danshen plants could be 
regulated by changing their plant densities, and the soil capacity also could be improved by 
fertilising different nutritions (Han et al., 2003, Liu et al., 2006b, Liu et al., 2003). The herbal 
yield and contents of bioactive ingredients in Danshen roots could be promoted (Wang et al., 
2004a). 
 
1.2.4.1 Propagation method 
Nowadays, more modified methods or techniques are being introduced into Danshen 
artificially propagation (Jie et al., 2004, Wang et al., 2003c), including seed propagation, plant 
division propagation, root segment propagation, cottage propagation and rapid propagation 
using tissue culture (Wang et al., 2002, Wang et al., 2004c, Zhao et al., 1999). Therefore, to 
select a effective and less-cost propagation method is important for Danshen production 
(Chen and Ding, 1999, Zhang and Zhang, 2004, Wang et al., 2002). Four propagation 
methods are summarised in Table 1.7 in terms of their propagation materials, seasons and 
protocols (Agricultural Internet, 2006). 
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Table 1.7 Propagation methods of Danshen  
Propagation method Seed propagation 
Plant division 
propagation 
Root segment 
propagation 
Cuttage propagation 
Material Seed Rhizome 2) Root segment 3) Branch cion 4) 
Seedling preparation: July to August or February to March February to March June to July 1. Seedling preparation and 
    transplantation1) Transplantation: late October or 6-10 cm height of seedling 
n/a 5) 
6-9 cm height of seedling 3 cm length of root Season 
(China) 
2. Direct plantation August or March of the second year 
Late October to 
early November 
February to March n/a 
7-8 × 7-8 cm 20 × 10 cm 1. Seedling preparation and 
    transplantation 
Seed amount: 15.0-22.5 kg/ha  
Seed sowing: row space (12-15 cm)  
transplantation: 33 (30-35) × 23 (20) cm 6) 
n/a 
33 × 23 cm 33 × 23 cm 
Protocol 
2. Direct plantation 
Seed amount: 7.5 kg/ha 
Drill plantation: row space (30-35 cm) 
Bunch plantation: 30-35 × 20-25 cm 
33 × 23 cm 33 × 23 cm n/a 
1) No. 1 and 2 represented different propagation protocols; 2) rhizome is a usually underground, horizontal stem of a plant that often sends out roots and shoots from its nodes; 3) 
root segment is a cutting part of root; 4) branch cion is a cutting part of a young branch, specifically for propagation; 5) n/a: not available; 6) plant density: row space × plant space. 
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1.2.4.1.1 Seed  propagation 
In previous, seed propagation is seldom used in Danshen production due to sterile seeds often 
produced (Zhang et al., 2002b). It has longer plant establishment than root segment 
propagation and plant division propagation (Wang et al., 2002). However, seed propagation 
could prevent the degression of tanshinone IIA content, which was often resulted from the 
asexual propagation (An et al., 2004).  
 
Seed propagation is often used by follow protocols: (1)Seedling preparation firstly and then 
transplantation in February to March; (2)Direct sowing seeds into field plots in August or the 
next early spring (Zhang and Zhang, 2004, Chen and Ding, 1999). Currently, seed 
propagation is popularly used in Shangluo district of Shanxi province and Linyi county of 
Shandong province (Wang et al., 2002). 
 
1.2.4.1.2 Root segment propagation 
This is a traditional propagation method and used in most Danshen production areas (Zhang 
et al., 2002b, Jiang et al., 2004).  The remarkable feature is that its propagation materials are 
fresh root segments, which are directly broken off from the harvested roots. 
 
Basically two kinds of propagation protocols were often used. (1) Preparation seedling firstly 
with root segment and then transplantation (Zhang and Zhang, 2004); (2) Direct plantation 
with root segment into field plots (Wang et al., 2002).  
 
1.2.4.1.3 Plant division propagation 
Plant division propagation is very simiar to the method of direct plantation with root segments. 
The significant advantages of this method are that the plant establishment could be quickly 
completed. This method has some limitations such as no enough rhizomes could be used for 
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propagation and infected rhizomes may pass pathogeny to next generation (Wang et al., 2002, 
Zhang and Zhang, 2004). 
 
1.2.4.1.4 Cuttage propagation 
This method was seldom used in Danshen production due to low root yield produced. The 
propagation protocol is similar to root segment propagation. However, the propagation 
materials and season are totally different between this and root segment propagation. 
Generally, in June to July, some healthy shoots are selected as mother cions for this 
propagation (Wang et al., 2002).  
 
1.2.4.1.5 Rapid propagation  
Tissure culture is one of most important biological techniques and widely used in the rapid 
propagation of medicinal plants (Canter et al., 2005, Sato et al., 2006, Gao et al., 1992, 
Debnath et al., 2006). There also have many studies on Danshen rapid propagation using 
different explants (Guo et al., 2002). These explants and incubation conditions, including 
exogenetic phytohormones, different qualities of light and different incubation temperatures 
in previous studies are summarised in Table 1.8. 
 
Generally, it only needed 30-40 days from leaf blade inoculation to complete seedling 
establishment for transplantation. A 0.5 cm2 leaf blade could produce 20-40 buds. The survival 
rate of transplanted seedling was up to 90-95%. All these information showed that this rapid 
propagation technique could have huge potential to be used in Danshen propagation (Zhao et 
al., 1999). 
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Table 1.8 Explants and incubation conditions in rapid propagation of Danshen using tissue 
culture 
Explant Incubation condition 1) Reference 
Leaf blade 
MS + 0.5-1.0 mg/l 6-BA (adventitious bud formation);  
1/2 MS + 0.2- 1 mg/l IBA (root induction). 
(Cai et al., 1991) 
Leaf blade 
MS + 0.8-1.0 mg/l 6-BA (adventitious bud formation);  
MS + 1.0 mg/l IBA + 1.0 mg/l KT (root induction). 
(Jie et al., 2004) 
Leaf blade 
Green light (up to 96% frequency of bud induction ); 
Temperature of 30 ºC (99% frequency of bud induction). 
(Zhao et al., 1999). 
 
Stem tip 
MS + 2.0 mg/l 6-BA + 0.05 mg/l NAA (adventitious bud 
induction); 
1/2 MS + 0.1 mg/l IBA (root induction) 
(Feng et al., 2004) 
Stem tip 
MS + 1.0 mg/l BA (adventitious bud induction);  
1/2 MS + 0.5 mg/l IAA (root induction). 
(Wang et al., 2004c) 
1) Murashige-Skoog medium (MS) is a commonly used medium in tissure culture; 6-benzyladenine (BA), 
indole-3-butyric acid (IBA), kinetin (KT), naphthyl acetic acid (NAA) and indole-3-acetic acid (IAA) are 
exogenetic phytohormones to induce cespitose bud and root formation. 
 
1.2.4.2 Plant density conditions 
Plant density is another important factor to influence the growth of cultivated Chinese herbs 
(Chinese State Food and Drug Administration, 2002). A reasonable plant density not only 
increase herbal yield, but also promoted the content of bioactive ingredients (Liu et al., 2006b, 
Yu et al., 2006).  
 
The main effect of plant density on cultivated plants is a competition for environmental 
resources between plants, such as sunshine, water, carbon oxidite and nutrients (Gao et al., 
2006). Excessive compact planting or high density will lead to a lack of sunshine, even alter 
the quality of sunshine, and thus influence the growth of aerial parts; it also brings about less 
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space, fewer nutrients and water underground, which could be used by roots, then restricts 
root growth due to competition between each other (Liu et al., 2006b, Yu et al., 
2006).Contrarily, low density will lead to invalidate utilization of land and waste more land 
resource.  
 
1.2.4.2.1 Effects of different plant densities on Danshen growth  
Seven plant densities, which had different combination of row space and plant space, were 
performed to select the suitable density for Danshen cultivation in Shangluo district of Shanxi 
province (Liu et al., 2003). Different row spacing and plant spacing were combined with 20 × 
20 cm, 25 × 20 cm, 25 × 25 cm, 25 × 30 cm, 30 × 25cm, 35 × 25 cm and 35 × 30 cm. 
Danshen plants, which were planted with different densities, had diverse survival rates. Only 
47% plants suruived at the density of 20 × 20 cm; but 88% plants could survive under the 
density of 25 × 20 cm. Excessively high density might lead to aerial parts overshadow, and 
then block the growth of plants by decreasing photosynthesis of the middle and nether leaves 
(Liu et al., 2003).  
 
In terms of the root yield per plant, the density of 25 × 25 cm had highest root yield, even 
20% higher than that of 35 × 30 cm and 60% higher than that of 35 × 25 cm. There was no 
variation discipline could be followed in different densities (Liu et al., 2003).  
 
1.2.4.2.2 Effects of different plant densities on contents of tanshinone IIA and danshensu 
Different plant densities have distinct effects on the accumulation of tanshinone IIA and 
danshensu in plants. Generally, plant density peforms effects on distributions of roots in soils, 
number of lateral roots and root diameters, and thus influence the surface area of epidermis in 
roots, then increase or decrease the content of tanshinone IIA and danshensu in plants. 
Tanshinone IIA and danshensu had highest contents at the density of 25 × 20 cm. In contrast, 
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they had lowest contents at the densities of 25 × 25 cm and 35 × 25 cm, respectively (Liu et 
al., 2003). 
 
Currently, traditionally used plant densities in main Danshen production areas are relatively 
high. The row space of 25 cm or 30 cm is used, with 35 cm seldom being found. The plant 
space is generally 20 cm or 25 cm, with 30 cm seldom being found (Wang et al., 2003c, Jiang 
et al., 2004). This density may have more advantages to improve the accumulation of 
tanshinone IIA.  
 
1.2.4.3 Fertiliser conditions 
There are many studies conducted on effects of different fertilisers on growth of Chinese 
herbs (Yu et al., 2003). They nearly cover main cultivation species of Chinese herbs (Institute 
of Medicinal Plant and Chinese Academy of Medicial Sciences, 1991). In terms of the 
clarification of fertiliser requirements, the further studies were performed to investigate 
fertiliser effects on both herbal yield and contents of bioactive ingredients (Zhang et al., 1997, 
Cui, 1990). 
  
1.2.4.3.1 Feretiliser requiremental characteristics  
Danshen prefers to uptake various fertilisers. It has strong fertiliser uptaking ability with its 
powerful root system, and uptakes nutrients not only from surface layer, but also from the 
deep layer of soils (Chen et al., 1991). A sand-culture trial with different concentrations of 
nutrient fluid containing calcium nitrate, ammomium sulphate, potassium dihydrophospate 
and magnesium sulfate was conducted by Chen et al. (1992) to investigate fertiliser 
requirement. The growths of aerial parts and roots were promoted by increasing the 
concentration of nutrient liquid. Danshen grown under high concentration of nutrient liquid 
had 40.7% higher root yield than that grown under low concentration of nutrient liquid (Chen 
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et al., 1992). 
 
The nitrogen and phosphorus contents in Danshen plants, which were applied with different 
levels of fertilisers and the weights of its dry roots were determined at its different growth 
stages. Two uptake peaks were found at 90-100 days and 150-170 days after plantation. At the 
first stage, Danshen had vigorous vegetative growth and just turns to reproductive growth; 
combinations with different levels of nitrogen and phosphorus had significantly higher weight 
of dry roots than the control (without fertilisers applied). This stage was the first stage of root 
expansion and more nitrogen and phosphorus were required for Danshen growth (Han et al., 
2003). The second stage is a transition stage of Danshen from seed maturation phase to 
second root expansion stage and more nutrients need be uptaken. Moverover, the relationship 
between chlorophyll contents and different fertiliser treatments showed that Danshen applied 
with nitrogen fertiliser, has higher chlorophyll contents than other treatments. Nitrogen 
fertiliser could improve the photosynthesis of Danshen plants, and thus improve the 
accumulation of dry matter in plants (Han and Liang, 2005).  
 
On the other hands, the uptake properties of Danshen roots on nitrogen and phosphorus were 
investigated in a same field trial (Han et al., 2003, Han et al., 2004). The increasing of applied 
amount of nitrogen or phosphorus could improve the uptake ability of Danshen roots on 
nitrogen from the soil. Similarly, the increasing of applied amount of phosphorus or nitrogen 
might improve the uptake ability of Danshen roots on phosphorus from the soil (Han et al., 
2003). 
 
The uptake ability on trace element fertilisers was investigated at its different growth stages of 
Danshen plants. Danshen plants, applied with defferent trace element fertilisers, had higher 
content of trace element fertilisers than the control (without trace element fertiliser applied). 
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The significant uptake is boron application, the content of boron in boron-applied plants are 
2.9 times and 2.4 times higher than the control (without boron application) at the stages of 90 
days and 110 days after plantation respectively (Han and Liang, 2005). 
 
1.2.4.3.2 Effects of different fertilisers on Danshen growth  
On the basis of 29,985 kg/ha stable manure applied as base fertilisers, different levels of 
nitrogen and phosphorus fertilisers (inorganic) could increase the root yield of Danshen with 
different levels. In particular, the combination of 225 kg/ha ammonium sulphate and 300 
kg/ha super phosphate had the highest root yield, increasing 26.66% than the blank control. 
However, the fertiliser application also had a limitation, especially for nitrogen fertiliser. The 
root yield was not always increased by increasing the applied amount of fertilisers (Chen et al., 
1991). 
 
Yang et al. (2005) conducted a study to investigate which fertiliser, compound fertiliser, 
farmyard manure and trace element fertiliser, play the principal role in the growth of Danshen 
roots. The farmyard manure was found to play principal role in increasing the root yield. A 
yield of 23,200 kg/ha fresh roots was obtained with the combination application of 750 kg/ha 
compound fertiliser, 11,244 kg/ha dairy manure and 22.5 kg/ha boron fertiliser (Yang and 
Teng, 2005). 
 
Different fertilisers such as nitrogen and phosphorus contribute differently to the Danshen 
growth. Concerning the growth of aerial part, nitrogen can improve the growth of aerial part 
and delay its senescence; phosphorus was found to more effectively improve the growth of 
aerial part than potassium, and nitrogen combined with phosphorus was most effective (Han 
et al., 2003). With regard to the growth of roots, phosphorus was found to be more beneficial 
than potassium and the combination of nitrogen and phosphorus was also demonstrated to be 
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more advantageous than the combination of nitrogen and potassium or the combination of 
phosphorus and potassium. As for the combination of nitrogen, phosphorus and potassium, 
the relative effectiveness was between the combination of nitrogen and phosphorus, and the 
combination of nitrogen and potassium (Han et al., 2003). 
 
Moreover, the trace elements are conditioners to regulate all kinds of physiological and 
biochemical activities in the growth of medicinal plants. In the production of Chinese herbal 
medicines, trace elements are usually used to improve herbal growth (Xu et al., 2000). 
Danshen plants, applied with boron, manganese and zinc, they all have significant increasing 
of root yield than that of the control (Han and Liang, 2005). 
 
1.2.4.3.3 Effects of different fertilisers on contents of bioactive ingredients  
1.2.4.3.3.1 Cryptotanshinone and tanshinone IIA 
The content of cryptotanshinone has been found to be decreased by increasing the 
concentration of nutrient liquid, wich contained calcium nitrate, ammomium sulphate, 
potassium dihydrophospate and magnesium sulfate. The content of cryptotanshinone had a 
negative correlation with the root diameter (Chen et al., 1992). Cryptotanshinone was found 
to mainly distribute in root epidermis, not in xylem (Ha et al., 2002). In the study of Yang et al. 
(2000), the suitable fertilisers, which are benefitable to the accumulation of tanshinone IIA in 
plants, were optimised as plant ash and compound fertiliser, which had more percentage of 
phosphorus and potassium (Yang et al., 2000). 
 
Nitrogen and phosphorus were demonstrated to play opposite actions in the accumulation of 
tanshinone IIA (Wang et al., 2005b). In the study of Han et al. (2004), the content of 
tanshinone IIA was decreased by increasing of applied amount of nitrogen. In contrast, the 
content of tanshinone IIA was promoted by increasing of applied amount of phosphorus. In 
addition, phosphorus could relieve the decrease of tanshinone IIA, which was induced by 
 53 
nitrogen application (Han et al., 2004). The combination of nitrogen, phosphorus and 
potassium has a optimal effectiveness, 18% higher content of tanshinone IIA than that of the 
control (Han et al., 2002).  
 
Trace elements also play significant effects on the accumulation of bioactive ingredients in 
herbs. They could be involved in some organic synthesis reactions as catalysts or constituents 
of enzymes or directly participate in the construction of bioactive ingredients (Yuan et al., 
2000). For example, Mao Dihuang 毛地黄 (Digitalis purpurea L.) contained some trace 
elements such as chromium, manganese and molybdenum. The content of cardiac glycoside, 
which was related to herbal therapeutic efficacy, were signicantly improved by these trace 
elements (Wan, 1993). It had been demonstrated that iron, manganese, zinc and copper are 
favourable for the accumulation of tanshinone IIA in Danshen roots (Han et al., 2005). 
 
1.2.4.3.3.2 Danshensu 
Nitrogen and phosphorus had opposite effects on the accumulation of danshensu. The content 
of danshensu was decreased by increasing the applied amount of nitrogen; in contrast, the 
content of danshensu was promoted by increasing the applied amount of phosphorus (Han and 
Liang, 2005).  
 
The trace elements also performed their effects on the accumulation of danshensu in Danshen 
roots. The content of danshensu was increased by increasing of applied amount of manganese, 
iron, boron and zinc, especially manganese, nearly 60% higher content of danshensu than that 
of the control (Han et al., 2005). 
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1.2.4.4 Prevention and control of diseases and insect pests 
In China, with the increasing of herbal species, herbal amounts and cultivation areas of 
cultivated Chinese herbs, the damage of diseases and insect pests gradually make more 
serious. There are more than 20 plant diseases and insect pests, which usually happen in the 
production of ginseng (Panax ginseng C. A. Mey.) (Cheng and Zhou, 2000). The main 
diseases of Beimu 贝母 (Fritillaria thunbergii Miq.) usually cause 20% yield loss in primary 
production areas (Cheng and Zhou, 2000).  
 
Currently, a major project, the establishment of control technical platform on plant disease 
and insect pest of Chinese herbs, has been completed, including progation and utilization 
technique of natural enemies of insect pests (Cheng et al., 2003), control technique of root 
diseases by anti-microorganism (Zhao and Ding, 2005), development and application 
technique on botanical pesticide (Liu et al., 2005a), and safety evaluation of pesticide on 
Chinese herbs (Li et al., 2003b, Cheng et al., 2005). Some achievements were demonstrated in 
the production of important Chinese herbs such as ginseng (Panax ginseng C. A. Mey.), 
American ginseng (Panax quinquefolius L.), Sanqi (Panax pseudo-ginseng Wall. var. 
notoginseng (Burkill) Hoo et Tseng), Gouqi 枸杞 (Lycium barbarum L.) and Jinyinhua 金银 
花 (Lonicera japonica Thunb.) (Cheng et al., 2005).  
 
Root rot disease is a serious plant disease in the cultivation of Danshen (Ye et al., 2003, Ding 
et al., 2003). It is a root disease infected by fusarium (Fusarium solani) pathogenetic fungi, 
and usually happens in rainy and high temperature seasons. In Sichuan primary production 
area, nearly 10%-30%, even 50% plants have been attacked (Zeng et al., 2003).  Trichoderma 
harzianum and T. citrinoriride have been demonstrated in antagonism assays with 
comparatively strong antagonism against Fusarium solani, and have 52.3% and 55.7% control 
efficiencies (Zeng et al., 2003, Ding et al., 2003). 
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1.2.5 Harvesting and processing 
1.2.5.1 Content variations of bioactive ingredients at different growth stages 
Tanshinone IIA was found to have an accumulation in a paracurve at different growth stages. 
Its content gradually increases at 90 days, 120 days and 150 days after plantation, and reaches 
the highest content level of tanshinone IIA at 150 days, and then the content gradually reduces 
down (Han et al., 2004).  
 
Moreover, the contents of tanshinone I, tanshinone IIA and methylenetanshinquinone have 
been reported to start increasing in September, and reach a highest level in Novermber 
(Huang and Yang, 1980). Danshen samples, which were harvested from different counties of 
Shangluo district in Shanxi province, generally had highest content of tanshinone IIA in late 
October (Wang et al., 2004b).  
 
For the accumulation of water-soluble components in Danshen roots, it was found that 
phenolic acids have two content peaks in June and Novermber respectively (Liu et al., 2004a). 
Danshensu was also found to have two content peaks at 150 days and 200 days after 
plantation (Han and Liang, 2005). 
 
1.2.5.2 Selection of optimal harvesting time 
Traditionally, Danshen is harvested in October and Novermber when root segments are 
planted in spring (Shu et al., 2004). In addition, for seed sowing, Danshen roots are harvested 
in October and Novermber of the year in the plantation of spring and of the next year in the 
plantation of autumn (Chen and Ding, 1999). In Shangluo district of Shanxi province, 
Danshen roots were harvested after one year cultivation and the contents of tanshinone IIA 
and danshensu could reach 0.30% and 1.2%  (w/w) (Jiang et al., 2004). 
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1.2.5.3 Herbal processing 
The sweating is a traditional Danshen processing method, especially used in the production 
area of Zhejiang province (Qiu and Jiang, 2003, Yuan and Ji, 2003). The half-dry Danshen 
roots are heaped stuffily for 4-5 days to make the xylems of roots from white into purple 
black. However, it may reduce down the content of tanshinone IIA in herbal raw materials. In 
addition, the shade drying was found to have a lot of advantages in Danshen processing due to 
avoid the content decrease of tanshinone IIA when dried under insolation or under the 
temperature of below 60 ºC (Qiu and Jiang, 2003). 
 
1.2.6 GAP studies 
1.2.6.1 General GAP 
For several decades, the wide utilization of pesticides and chemical fertilisers, and the 
polluted soils usually brought about the excess of pesticide and heavy metal residue in 
Chinese herbal raw materials. Moreover, a low level or inconsistency of bioactive components 
is usually found in herbal raw materials. These safety and quality issues severely restrains the 
internationalization of Chinese herbal medicine (Wei, 2004) . In 1998, the State Food and 
Drug Administration of China (SFDA) started to work out a guideline about good agricultural 
practice for Chinese crude drugs. The interim of this guideline was taken an effect on 1 June 
2002 by the Chinese SFDA (Chinese State Food and Drug Administration, 2002). 
 
Subsequently, the Chinese SFDA issued a management measure on the authentication of 
Chinese herbal medicine production and quality control (interim, 2003) and a standard about 
GAP authentication and inspection of Chinese herbal medicine (interim, 2003) (Chinese State 
Food and Drug Administration, 2003). Simultaneously, the Chinese SFDA started to receive 
and conduct GAP authentication of Chinese herbal medicine (Chinese State Food and Drug 
Administration, 2003). 
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Since 1998, many pharmaceutical industries, research institutes and universities have 
undertakn GAP studies and SOP formulations on over 140 species of Chinese herbs (Xu, 
2001). By the end of 2004, more than 70 Chinese herbs have passed through the inspections 
of their cultivation bases, and some of them were conducted with GAP authentication. The 
Chinese SFDA have announced 26 GAP industries and their relevant cultivation bases of 
Chinese herbs sinch March 2004 (Huang, 2006).  
 
1.2.6.2 Danshen GAP  
A lot of research achievements have been reported on studies of Danshen GAP, and most of 
them were focused on the establishment of cultivation bases both in Shangluo district of 
Shanxi province and Zhongjiang district of Sichuan province. All of them were nearly 
included in observation of biological characteristics, evaluation of cultivation sites, selection 
of cultivation variety, optimization of agricultural conditions, preventation of plant diseases 
and insect pests, and methodological establishnment of quality control (Jiang and Wei, 2004).  
 
Selection criterion of cultivation site was set up in production area of Shangluo district in 
Shanxi province (Jiang and Wei, 2004). Ecological environments and soil conditions were 
evaluated in the production area of Zhongjiang district in Sichuan province (Wu et al., 2000). 
A Danshen autotetraploid was developed and applied to Danshen production at Danshen 
cultivation base of Shangluo district in Shanxi province (Gao et al., 1992); A variety of 
Danshen germplasms were evaluated in same locality (Tien et al., 2005, Wang et al., 2003a). 
Han et al (2003) and Liu et al. (2006) performed some field trials to optimise Danshen 
agricultural conditions such as fertiliser application and selection of plant density (Han et al., 
2003, Liu et al., 2006b).  Trichoderma spp. was used to control Danshen root rot disease 
(Zeng et al., 2002, Ye et al., 2003). HPLC chromatographic fingerprint was employed in 
quality consistency evaluation at Danshen cultivation bases (Zhang et al., 2001b).  
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1.2.6.3 Cultivation and GAP authentication  
Combined with pharmaceutical industries, local herbal industries and growers, three large 
Danshen cultivation bases with over 667 ha cultivation scale for each base, have been set up 
in Shangluo district of Shanxi province (Jiang and Ren, 2001), Zhongjiang county of Sichuan 
province (Panzhihua City Technology Bureau, 2006) and Fangcheng county of  Henan 
province (Shen, 2006).  
 
Tianjin Tasly Shangluo Danshen cultivation base is the first base authorized by national GAP 
certification in China (Chinese State Food and Drug Administration, 2004). Early in 1999, 
Tianjin Tasly Pharmaceutical Group started to set up a Danshen cultivation base in Shangluo 
district in terms of two GAP guidelines for medicinal and aromatic plants and Chinese crude 
drugs (Chinese State Food and Drug Administration, 2002, Europam, 1998). Total of 62 items 
in field trials and laboratory assays have been conducted to optimise every operation 
procedures such as selection of cultivation site, selection of cultivation germplasm, fertiliser 
application, preventation of plant disease and insect pests, harvesting and processing, and 
quality control (Jiang and Ren, 2001). As a result, a criterion about standard operation 
procedures (SOP) of Danshen production has been formulated and took a lead in GAP studies 
(Jiang et al., 2004, Wang et al., 2003c). Currently, Tianjin Tasly Pharmaceutical Group has set 
up an over 667 ha Danshen cultivation base in Shangluo district including 334 ha standard 
base, 13.3 ha nursery of excellent germplasms and 3.3 ha field trial plots (Guang, 2004).  
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1.3 Quality control studies 
Modern medicines generally comprise single active compound, while herbal medicines such 
as herbal decoctions contain multiple active ingredients (Chen et al., 2006b). Therefore, 
herbal medicines are associated with certain quality-related problems, such as lacks of 
consistency, safety and efficacy, which may overshadow their potential (Barnes, 2003b) and  
health benefits (Xie et al., 2006, Xie et al., 2007). 
 
A major cause of these problems seems to be related to the lack of simple and reliable 
analytical techniques and methodologies for analysis of herbal raw materials. The 
development of modern sample preparation techniques and effective qualitative and 
quantative analytical methods is likely to play an important role in efforts to ensure high 
quality herbal raw materials and their products to consumers globally (Liang et al., 2004). 
 
1.3.1 Quality control on CHM 
1.3.1.1 Herbal extraction  
Sample preparation methods are essential to extract the expected chemical components from 
herbal raw materials, and also important for futher separation, characterization and 
quantification. Traditionally, steam distillation is generally used as a standard method for 
volatile compounds. For non-volatile compounds, heating reflux extraction and soxhlet 
extraction are usually employed as conventional methods (Huie, 2002). Recently, many 
modern techniques have been developed, including microwave-assisted extraction (MAE), 
pressurized liquid extraction (PLE) and supercritical fluid extraction (SFE). These methods 
have diversities of extraction properties in extraction effectivity, extraction time, solvent 
consumption and method development (Table 1.9) (Nyiredy, 2004).  
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Table 1.9 Comparison of different extraction methods (Nyiredy, 2004, Ong, 2004a)   
Extraction method Soxhlet USE 1) MAE 2) PLE 3) SFE 4) 
Extraction 
effectivity 
Exhaustive 
Not 
exhaustive 
Not exhaustive Not exhaustive Exhaustive 
Solvent 
composition  
Methanol, ethanol, or mixture of alcohol and 
water 
Methanol, 
ethanol, water 
Carbon 
dioxide/modifers 
Extraction time 6-48 hrs < 30 min < 30 min < 30 min < 30 min 
Solvent 
consumption 
200-600 ml < 50 ml < 40 ml < 40 ml < 10 ml 
Method 
development 
Simple Simple Simple Simple Difficult 
Degradation of 
herbal ingredients 
High High Relative low High Relative low 
1) USE: ultrasonic extraction; 2) MAE: microwave-assisted extraction; 3) PLE: pressurized liquid extraction; 
and 4) SFE: supercritical fluid extraction. 
 
1.3.1.1.1 Supercritical fluid extraction (SFE) 
SFE is often employed in the extraction of volatile components on an industrial scale (Smith, 
1999). On an analytical scale, Mulcahey et al. (1991) showed advantages of using this method 
with rapid performance, less consumption of hazardous solvents (carbon dioxide used as 
extraction solvent) and without thermal degradation of active consitituents (Mulcahey et al., 
1991). The latter attracted wide interest to perform this technique in herbal extraction (Dean et 
al., 1998, Lu et al., 2006, Zhou et al., 2003). However, SFE have some difficulties in 
extracting polar compounds, high susceptibility to matrix effects (Huie, 2002) and extremely 
labor-intensive (Nyiredy, 2004). 
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1.3.1.1.2 Pressurized liquid extraction (PLE) 
PLE technique, also refers as accelerated solvent extraction (ASE), is usually available with 
organic solvents at an elevented temperature and pressure, which drastically improves the 
speed of the extraction process (Benthin et al., 1999). PLE gained more advantages in terms 
of recovery, extraction speed and solvent consumption over ultrasonic and Soxhlet extraction 
for the extraction of berberine and aristolochic acids in medicinal plants (Ong et al., 2000). 
PLE also drastically improved toxol content in aqueous extract than conventional extraction 
method (Kawamura et al., 1999). Recently, PLE has been commonly employed in the quality 
control of herbal raw materials and their medicinal preparations with more feasibility and 
usefulness in target active ingredient extractions (Wan et al., 2005, Jiang et al., 2006, Choi et 
al., 2003, Benthin et al., 1999). Nowadays, pressurized hot water extraction (PHWE) has also 
been developed to reduce the use of organic solvent, and also applied for the extraction of 
thermally labile and reasonably polar components (Ong, 2004b).  
 
1.3.1.1.3 Microwave-assisted extraction (MAE) 
In comparison with conventional extraction methods, MAE has advantages of high extraction 
speed (usually in less than 30 min) because of directly heating the solvent, and also 
significantly reducing the consumption of organic solvent (generally less than 40 ml) 
(Eskilsson and Bjorklund, 2000). MAE conditions, including extraction time of 4-5min, 
ethanol concentration of 50-60% (v/v), ammonia concentration of 1-2% (v/v) and liquid/solid 
ratio of 10:1(ml/g), were optimized for the effective extraction of glycyrrhizic acid from 
Licorice root (Pan et al., 2000). Its recovery of glycyrrhizic acid from licorice root with MAE 
was attained in equivalent with its Soxhlet extraction. Furthmore, MAE has also been 
employed in the extraction of sanguinarine and chelerythrine in fruits of Macleaya cordata 
and tanshinones in roots of Salvia miltiorrhiza (Pan et al., 2001a, Luo et al., 2006).  
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1.3.1.1.4 Solid-phase extraction (SPE) 
SPE is usually used as a procedure to clean up unwanted components (e.g. lipids, sterols, 
chlorophylls) from extracts prior to gas chromatography (GC) and high performance liquid 
chromatography (HPLC) analysis (Kim et al., 2006a, Huie, 2002). It is a physical extraction 
process involving a liquid and a solid phase, in which a range of absorbent materials (e.g. 
silica gel or synthetic resins) are used as stationary phases to purify target components from 
complex extracts according to the principles widely used in liquid chromatography (Huie, 
2002). A sensitive and reproducible determination of caffeine in six Chinese medicinal 
prescriptions were conducted by combining SPE (RP C18 adsorbent) and HPLC (Ku et al., 
1999). SPE was used in the HPLC determination of ephedrine alkaloids in numerous batches 
of herbal products with a propylsulfonic acid SPE column (Hurlbut et al., 1998). Moreover, 
SPE was also used in the pesticide multiresidue analysis in roots of Panax ginseng C. A.  
Meyer (Park et al., 2007). 
 
1.3.1.2 Chemical analysis 
1.3.1.2.1 Thin layer chromatography (TLC) 
TLC, as a quick, convenient and inexpensive technique, is widely employed for qualitative 
identification and semiquantitative determination of herbal materials prior to the 
establishments of HPLC and GC chromatography (The State Pharmacopoeia Commission of 
People's Republic of China, 2005).  
 
The main advantage of TLC is to test many samples in parallel on a single TLC or high 
performance thin layer chromatography (HPTLC) plate (Li et al., 2004a, McCalley, 2002, 
Liang et al., 2004). It is possible to get qualitative and quantitative information from 
developed TLC plates using CAMAG TLC system (Vanhaelen-Fastre et al., 2000). Perhaps a 
more significant advantage is the availablability of specific spraying reagents giving definitive 
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colours with different separated compounds such as alkaloids (McCalley, 2002). In contrast, 
the main deficients of TLC are lack of automation, semiquantitative nature and its poor 
repeatiability in most analyses, lower separation efficiency in comparison with HPLC and less 
reproducible nature of the stationary phase (Lin et al., 2001).  
 
Currently, TLC is widely used in quickly determining possible adulteration of herbal 
medicines and its medicinal preparations for research and commercial uses (Gafner et al., 
2003, Govindan and Govindan, 2000, Kim et al., 1998). It has efficient separation of 
complicated ingredients from herbal extracts and also more repeatability in performing 
quantitative determination using HPTLC (Li et al., 1993, Vanhaelen-Fastre et al., 2000, Xie et 
al., 2006). In addition, TLC is preferred in developing finerprints of herbal medicines due to 
its simplicity, multifunction, high celerity, specific sensitivity and simple sample preparation 
(Hu et al., 2005b, Srivastava et al., 2004). 
 
1.3.1.2.2 Gas chromatography (GC) 
Over the past decades, GC has been popular in the analysis of volatile compounds in herbal 
medicines due to its high sensitivity for most volatile chemical compounds (Zhou et al., 2002, 
Wang and Yang, 2006, Kim et al., 2006a).  GC could separte many volatile compounds 
simultaneously in a short time using capillary columns (Zeng and Zhou, 2000, Li et al., 2001). 
The reliable identification of volatile compounds is achievable using a rapid, specific and 
precise GC-MS combination (Zhou et al., 2002, Wang and Yang, 2006). Currently, GC is used 
not only for quantitative determination of pharmacologically active volatile components, but 
also for the establishment of fingprints to identify adulteration in herbal medicines (Zhang et 
al., 2004a, Wei et al., 2004). 
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1.3.1.2.3 High performance liquid chromatography (HPLC) 
Up to now, liquid chromatography, especially high-performance liquid chromatography 
(HPLC) has received the widest application in the analysis of herbal medicines (Xie et al., 
2006, Liang et al., 2004, Li et al., 1998). A variety of chemical compounds such as alkaloids, 
saponines, flavones, organic acids and phenols were determined with HPLC in Chinese herbal 
raw materials and their medicinal preparations (Ha et al., 2006, Jiang et al., 2005d, Su et al., 
2004, Lu et al., 2005, Zhao et al., 2005c).  
 
The key point in HPLC method is how to optimise chromatographic conditions such as 
column, mobile phase and elution method (Li et al., 2005, Zeng et al., 2006a). Generally, RP 
C18 column is most popularly used for the separation of chemical components in herbal 
medicines. Methanol, acetionitrile and water are usually selected as compositions of the 
mobile phase, and variety of gradient elution methods have been developed to achieve 
optimal separations based on the characteristics of separated chemical components. Photo 
diode array detector (DAD) instead of single wavelength UV detector is commonly used (He 
et al., 2005, Lau et al., 2003). DAD can measure absorbance across a broad spectrum of 
wavelengths simultaneously, and provide maximum sensitivity for multiple active compounds. 
Low temperature evaporative light scattering detector (ELSD) has been demonstrated as an 
excellent detection method in the analysis of non-chromophoric compounds (He et al., 2006, 
Ha et al., 2006, Yan et al., 2005). Table 1.10 summarises certain HPLC conditions.
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Table 1.10 Chromatographic conditions in HPLC analysis of different chemical components of herbal medicines  
Plants  
(Latin name/medicinal part) 
Chemical components Column Detector Mobile phase 
Detection 
wavelength 
Reference 
Alpinia officinarum (rhizome) 
Galangin and 3-0-methyl 
galangin 
RP C18 
A variable 
wavelength detector 
Water-phosphoric acid  
(60:38:2 v/v) 
254 nm (Tao et al., 2006) 
Paeonia lactiflora 
(roots) 
Albiflorin and paeoniforin RP C18 
A variable 
wavelength detector 
Acetonitrile-water  230 nm (Kim et al., 2006b) 
Aconitum lateralis  
(roots)  
Aconitine, mesaconitine and 
hypaconitine  
RP C18 DAD 
Acetonitrile-buffer solution 
(containing 10 mM ammonium 
bicarbonate, pH: 10.0 ± 0.2) 
240 nm (Xie et al., 2005) 
Dalbergia odorifera (heartwood) Alkaloids RP C18 UV detector 
Acetonitrile-0.3% aqueous acetic 
acid  
275 nm (Liu et al., 2005b) 
Cortex cinnamomi  
(cortex) 
Cinnamaldehyde RP C8 DAD 
Acetonitrile-0.04% aqueous acetic 
acid (25:75 v/v) 
250 nm (He et al., 2005) 
Panax notoginseng 
 (roots) 
Saponins, ginsenosides and 
notoginsenosides 
RP C18 DAD Acetonitrile-water 203 nm (Lau et al., 2003) 
Perilla frutescens 
 (leaves) 
Tormentic acid, oleanolic 
acid and ursolic acid 
RP C18 DAD 
Acetonitrile-1.25% aqueous 
phosphorus acid  
206 nm (Chen et al., 2003a) 
Gardenia jasminoides (fruits) Geniposide, glycosides and 
iridoid glyosides 
RP C18 
A dynamax UV-vis 
detector 
Acetonitrile-methanol-5 mM 
monosodium phosphate (pH: 4.6) 
(5:15:80 v/v) 
240 nm (Tsai et al., 2002) 
Pueraria lobata  
(its preparations) 
Puerarin and pueraria RP C16 
A tunable 
absorbance detector 
Methanol-5mM monopotassium 
phosphate (pH: 4.0) (27:73 v/v) 
248 nm (Yu et al., 2002) 
Astragalus membranaceus (roots) Astragalosides RP C18 
A tunable 
absorbance detector 
Acetonitrile-water (43:57 v/v) 
205 nm or 
280 nm 
(Ma et al., 2002) 
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1.3.1.2.4 Capillary electrophoresis (CE) 
CE is a powerful analytical and separation technique developed in last decades. It has 
advantages than other LC techniques in analysis of polar and thermally labile compounds. 
(Liang et al., 2004). The advantages of CE are: (1) high selectivity and efficiency to separate 
target compounds in complex environment such as herbal preparations without additional 
sample preparation steps; (2) requirement of minute amounts of sample; (3) consumption of 
limited amounts of organic solvent; (4) ease of automation; (5) high speed of separation. 
However, its system precision for relative migration time and peak area is always higher in 
CE compared to HPLC (Liang et al., 2004, Ong, 2004a).  
 
CE has been widely used in the quantitatively determine of flavonoids and alkaloids in herbal 
medicines (Issaq, 2000, Molnar-Perl and Fuzfai, 2005, Stockigt et al., 2002). Capillary zone 
electrophoresis (CZE) has high efficiency to separate and determine anthraquinones, 
flavonoids, aristolochic acids and polyphenol in herbal medicines and their medicinal 
preparations (Tian et al., 2006, Urbanek et al., 2002, Mellenthin and Galensa, 1999). Micellar 
electrokinetic capillary chromatography (MEKC) had been used for the determination of 
icariin, rhein, chrysophanol, physcion, glycyrrhetic acid and glycyrrhizic acid (Liang et al., 
1997, Jiang et al., 2005b, Shang and Yuan, 2002, Wang et al., 1998, Peng et al., 1999).  
 
1.3.1.2.5 Combined use of chromatography and spectroscopy 
Currently, combination with chromatography and spectrometry have been developed to have 
good separation capabilities, and provided both chromatogram and spectral structure in 
qualitative and quantitative determination of herbal raw materials and their medicinal 
preparations (Liang et al., 2004). These combinations include HPLC-DAD (Xie et al., 2005), 
HPLC-MS (Han et al., 2006, Zeng et al., 2006a), GC-MS (Zhou et al., 2002), CE-DAD (Li et 
al., 2000b) and multiple combinations such as HPLC-DAD-ESI-MSn (Zhang et al., 2004b).  
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1.3.2 Quality control on Danshen raw materials and its medicinal preparations 
1.3.2.1 Herbal extraction and preparation 
1.3.2.1.1 Herbal extraction 
1.3.2.1.1.1 Conventional extraction method  
In last decades, ultrasonic extraction, heating reflux extraction and soxhlet extraction were 
popularly used as conventional extraction methods for Danshen extraction (Zheng et al., 2003, 
Chen et al., 1997, Lin et al., 2002). Even at present, heating reflux extraction is still 
recommended as an extraction method for tanshinone IIA and salvianolic acid B in Chinese 
pharmacopoeia (The State Pharmacopoeia Commission of People's Republic of China, 2005). 
The extraction efficiencies of different conventional extraction methods are shown in Table 
1.11. 
 
Table 1.11 Extraction efficiencies of three conventional extraction methods for tanshinone IIA 
and danshensu (Chen et al., 2003b, Du and Huang, 2005) 
Extraction efficiency 
Chemical compound 
Ultrasonic extraction Heating reflux extraction Soxhlet extraction 
Tanshinone IIA 3.41 mg/g 1) 3.53 mg/g 4.22 mg/g 
Danshensu 0.87 mg/g 3.37 mg/g 24.29 mg/g 
1) Extraction efficiency was calculated from the ratio between the weight of extracted compound (mg) and the 
weight of herbal raw materials (g). 
 
Heating reflux extraction is uaually used in the extraction of lipid-soluble components such as 
tanshinone IIA due to less extraction time required compared to Soxhlet extraction (Ong, 
2004a). On the other hands, it is also used for salvianolic acid B extraction due to less 
degradation of salvianoloc acid B into danshensu in comparison with Soxhlet extraction (Ni et 
al., 2006). Moreover, the effect of extraction times and solvents on extraction efficiencies of 
salvianolic acid B and tanshinone IIA in heating reflux extraction were investigated. It was 
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concluded that water was a suitable agent for the extraction of salvianolic acid B and the 
optimal extraction time was 40-50 min; and ethanol is an optimal solvent for the extraction of 
tanshinone IIA and the optimal extraction time was 20-30 min (Ni et al., 2003). 
 
1.3.2.1.1.2 Supercritical fluid extraction (SFE) 
SFE coupled with capillary gas chromatography (CGC) was developed with an orthogonal 
design of extraction conditions to analyse the content of tanshinone IIA in the roots of Salvia 
miltiorrhiza Bunge (Chen et al., 2001). The extraction efficiency on three tanshinones from 
Danshen raw materials was determined using supercritical fluid extraction. The extraction 
conditions were optimised with four-factor and three-level orthogonal design as follows. (1) 
95% ethanol as modifier; (2) flow rate of ethanol at 1.0 ml/min; (3) extraction pressure at 20 
MPa; and (4) extraction temperature at 45 ºC (Li et al., 2002c).  
 
1.3.2.1.1.3 Pressurized liquid extraction (PLE) and pressurized hot water extraction (PHWE) 
PLE and PHWE have been applied using a laboratory-made system for the extraction of 
thermally labile components such as tanshinone I and tanshinone IIA for Danshen raw 
materials. PLE and PHWE were performed dynamically at a flow of 1 ml/min, temperature 
between 95-140 ºC, pressure of 10-20 bars, and extraction times of 20 and 40 min, 
respectively. PLE had a comparable or higher extraction efficiency compared with PHWE and 
Soxhlet extraction for tanshinone I and tanshinone IIA (Ong and Len, 2004).  
 
In addition, studies on effects of ethanol (0-30%) at a temperature 95 ºC by PHWE showed 
that the extraction efficiencies of tanshinone I and tanshinone IIA were increased by 
increasing percentage of ethanol in water. However, PHWE using 30% ethanol was not as 
efficient as PLE using organic solvents for hydrophobic substances such as tanshinone IIA 
(Ong and Len, 2004). 
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1.3.2.1.1.4 Microwave-assisted extraction (MAE) 
MAE has been developed in the extraction of tanshinones from the root of Salvia miltiorrhiza 
Bge. Under the following MAE conditions: (1) 95% (v/v) ethanol concentration; (2) 2 min 
extraction time; and (3) 10:1 (ml/g) liquid/solid ratio, the extraction efficiency for tanshinone 
IIA (0.29%), cryptotanshinone (0.23%) and tanshinone I (0.11%) by MAE was the same or 
even higher than conventional extraction methods (Pan et al., 2001a). Another study showed 
that the extraction time by MAE was only 2 min, whereas extractions by heating reflux 
extraction, ultrasonic extraction and Soxhlet extraction needed 45 min, 75 min and 90 min, 
respectively (Pan et al., 2002).  
 
1.3.2.1.1.5 Solid-phase extraction (SPE) 
A method combining solid-phase extraction and HPLC-ESI-MS was recently developed to 
separate and identify saponins in Compound Danshen Dripping Pill from the phenolic 
constituents of Danshen (Zhang and Cheng, 2006). SFE is also used for separation of the 
metabolites, and subsequently using HPLC-UV and HPLC-MS to identify these metabolites 
(Zhang et al., 2005a). In addition, SPE is often used with C18 column for the purification of 
aqueous extracts of Danshen raw materials before conducting liquid chromatography analysis 
(Peng et al., 2005, Li et al., 2003d). 
 
1.3.2.1.2 Sample purification 
This practice is often used for the purification of aqueous extract and removes interfering or 
unwanted components.  In the sample preparation for HPTLC, the supernatant was adjusted to 
pH 2 with 2 M HCl after centrifugation of aqueous extract. The solution was then extracted 
with ethyl acetate (3 × 10 ml). The combined organic layer was concentrated to dryness under 
a vacumn. The residue was dissolved in 2 ml of ethyl acetate as HPTLC test solution for the 
water-soluble compounds (Hu et al., 2005b). This method was also used for sample 
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preparation of water-soluble components in HPLC fingerprinting analysis of Danshen (Hu et 
al., 2005b). 
 
1.3.2.1.3 Stability of bioactive marker compounds of Danshen 
1.3.2.1.3.1 Tanshinone IIA 
A degradation-accelerated study combining with a HPLC analysis has been performed 
recently to investigate the variations of tanshinone IIA in Danshen raw materials at different 
drying temperatures (70 ºC, 80 ºC, 90 ºC and 100 ºC). Generally the tanshinone IIA content 
was reduced with the increase in drying temperature or drying time. Compared to the control 
(raw materials without drying), the relative content of tanshinone IIA was only 72.2% with 6 
hrs drying at 100 ºC, compared to 90.1% with 40 hrs drying at 70 ºC (Du et al., 2002).  
 
Du and Huang (2005) found that Danshen raw materials, extracted with Soxhlet extraction, 
has a higher content of tanshinone IIA than that extracted with heating reflux extraction. This 
phenomenon could be explained by the high extraction efficiency in Soxhlet extraction 
resulting in more tanshinone IIA being extracted, which is in excess of that decreased by 
heating. 
 
A stability study of tanshinone IIA combining with HPLC was respectively performed in its 
ethanol extracts and water diluted solution at temperature conditions of 60 ºC and 80 ºC. After 
48 hrs, the content of tanshinone IIA in ethanol extract respectively has 96.7%, 94.2% and 
70.1% left, and the content in water diluted solution respectively has 95.6%, 30.6% and 7.0% 
left. Thus the stability of tanshinone IIA in both ethanol and water solutions are decreased 
with the increasing of temperature, especially in water solution (Lin and Lin, 2005). 
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Tanshinone IIA and cryptotanshinone had a good stability at the solution conditions of pH 2-6. 
However, at pH 8-10, the content of tanshinone IIA was slightly reduced, whereas the content 
of cryptotanshinone was significantly decreased. Cryptotanshine seems to be very sensitive to 
the alkalescence environment (Liang and Xie, 2003).  
 
1.3.2.1.3.2  Salvianolic acid B 
Salvianolic acid B is often extracted with water for its qualitative and quantitative analysis. 
However salvianolic acid B has a poor stability in water, and is easily degraded into 
danshensu and protocaechuic aldehyde (Xu et al., 2005). Yue et al. (2005) reported that a 
salvianolic acid B water solution (1 mg/ml, pH 2) could only be stabilized at 20 ºC for one 
day (Yue et al., 2005).  
 
The content of salvianolic acid B was found to decline in the long heating reflux extraction 
with water. Its content decreased by 30% and 95% when extracted at 100 ºC for 1 hr and 9 hrs 
respectively, whereas at 50 ºC, it had no decline for 1 hr extraction and only decreased 40% 
for 8 hrs extraction. It was also reported that ethanol solution and acidic condition (pH 2) has 
more advantages for the stability of salvianolic acid B (Zhang et al., 2005b). 
 
1.3.2.2 Chemical analysis 
1.3.2.2.1 Thin layer chromatography (TLC)  
Thin layer chromatography (TLC) has been widely used in the analysis of Danshen raw 
materials and its preparations. Most of studies involve in the identification with marker 
compounds and the establishment of quality standard (Song and Tang, 2006, Li and Pen, 1999, 
Yao et al., 2006). In addition, TLC was often used in the identification of Danshen from its 
related species or substitutes, and in comparison with chemical components in different 
sources of Danshen raw materials (Yan and Song, 1999, Zhong, 2001, Chen et al., 1997). 
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1.3.2.2.1.1 Lipid-soluble components 
In Chinese pharmacopoeia, benzenz-ethyl acetate (19:1 v/v) was used as a developing solvent 
to identify tanshinone IIA by TLC (The State Pharmacopoeia Commission of People's 
Republic of China, 2005). However, For high performance thin layer chromatography 
(HPTLC) separation of lipid-soluble compounds, this composition of developing solvent was 
found to be insufficiency, and could not separate tanshinone I and cryptotanshinone very well 
(Hu et al., 2005b).  
 
A fingerprint-developing assay used Camag HPTLC system and a combination of petroleum 
ether-ethyl acetate-cyclohexane (5:3:2 v/v) as developing solvent to separate lipid-soluble 
compounds and establish its HPTLC fingerprint. The result showed a good separation for 
tanshinone IIA and cryptotanshinone under UV light and visible light (Hu et al., 2005b).  
 
TLC technique was also used to compare different sources of Danshen. The uniformity of 
TLC fingerprints were achieved in different Danshen cultivated batches of Sichuan, 
Shandong and Henan (Chen et al., 1997). Another HPTLC fingerprint-developing assay 
combining with a sonication extraction method was established at a detection wavelength of 
254 nm. Seven common peaks were separated with benzenz-ethyl acetate (19:1 v/v) as the 
developing solvent. The relative peak areas of common peaks were used in the analysis of 
principal component to evaluate different quality grading herbal batches and also to address 
out the optimal harvesting time (Jiang et al., 2005c).  
 
The TLC and HPTLC developing solvents and detection wavelengths for identification and 
fingerprint studies of tanshinones are shown in Table 1.12.  Generally benzenz, petroleum 
ether and ethyl acetate are used as main compositions of developing solvent. 
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Table 1.12 Chromatographic conditions in TLC and HPTLC analysis of lipid-soluble 
components of Danshen 
Chemical 
component 
Developing solvent 
Detection 
wavelength  
Reference 
Tanshinone IIA Benzene-ethyl acetate (19:1, v/v) Visible light 
(The State Pharmacopoeia 
Commission of People's 
Republic of China, 2005) 
Tanshinone IIA Benzene-ethyl acetate (14:1, v/v) n/a (Chen et al., 1997) 
Tanshinone IIA  Petroleum ether-ethyl acetate (10:1, v/v) Fluorescence (Lin et al., 2002) 
Tanshinone IIA Petroleum ether-ethyl acetate (8:2, v/v) 512 nm (Zheng et al., 2004) 
Tanshinone IIA 
and 
cryptotanshinone  
Petroleum ether-ethyl acetate-
cyclohexane (5:3:2, v/v) 
254 nm and 
visible light 
(Hu et al., 2005b) 
Tanshinone I, 
tanshinone IIA, 
cryptotanshinone 
n-hexane-ethyl acetate-formic acid 
(30:10:0.5, v/v) 
366 nm and 
visible light 
(Zhao et al., 2006c) 
Tanshinone I, 
tanshinone IIA, 
cryptotanshinone 
Benzene-ethyl acetate (19:1, v/v) 254 nm (Jiang et al., 2005c) 
 
1.3.2.2.1.2 Water-soluble components 
The separation and determination of seven aqueous depsides in Danshen raw materials has 
been performed by HPTLC with different developing solvents (Li et al., 1993). In Chinese 
pharmacopoeia, toluene-chloroform-ethyl acetate-methanol-formic acid (2:3:4:0.5:2 v/v) was 
used as the developing solvent to identify salvianolic acid B (The State Pharmacopoeia 
Commission of People's Republic of China, 2005). This developing solvent was also used in 
the study of Hu et al. (2005). Two bands were identified as rosmarinic acid and salvianolic 
acid B with standard references. Moreover, both “whitish” Danshen and normal Danshen 
were identified with same colour spots, but more obvious spot of salvianolic acid B was found 
in “whitish” Danshen (Zhao et al., 2006c). The optimised TLC conditions including detection 
wavelengths and developing solvents are summarised in Table 1.13. 
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Table 1.13 Chromatographic conditions in TLC and HPTLC analysis of water-soluble components of Danshen 
Chemical component Developing solvent Detection wavelength Reference 
Salvianolic acid B Toluene-chloroform-ethyl acetate-methanol-formic acid (2:3:4:0.5:2, v/v) 254 nm 
(The State Pharmacopoeia 
Commission of People's 
Republic of China, 2005) 
Seven depsides 
Protocaechuic aldehyde: chloroform-ethyl acetate-benzene-formic acid 
(2.4:2:1:0.6, v/v); other depsides: chloroform-ethyl acetate-benzene-
formic acid-methanol (1.5:2:1:1:0.1, v/v) 
λS =300 nm and  
λR =240 nm 
(Li et al., 1993) 
Danshensu  
Chloroform-acetone-formic acid (10:4:1.6, v/v) or benzene- ethyl acetate-
formic acid (8:7:0.8, v/v) 
n/a (Zheng et al., 2004) 
Rosmarinic acid and salvianolic acid B Toluene-chloroform-ethyl acetate-methanol-formiv acid (2:3:4:0.5:2, v/v) 254 nm and visible light (Hu et al., 2005b) 
Danshensu, salvianolic acid B, 
protocatechuic acid, protocaechuic 
aldehyde and caffeic acid 
Chloroform-ethyl acetate-benzene-formic acid (12.10:5:1:3, v/v) 254 nm (Jiang et al., 2005c) 
Danshensu and salvianolic acid B Chloroform-ethyl acetate- formic acid (5:4:2, v/v); 366 nm and visible light (Zhao et al., 2006c) 
 75 
1.3.2.2.2 High performance liquid chromatography (HPLC) 
1.3.2.2.2.1 Herbal raw materials 
HPLC analysis methods have been extensively employed to separate and determine bioactive 
components in Danshen raw materials with marker compounds (Zhang et al., 2005c, You and 
Chen, 2003).  In Chinese pharmacopoeia, tanshinone IIA and salvianolic acid B were used as 
two marker compounds to control the quality of Danshen raw materials (The State 
Pharmacopoeia Commission of People's Republic of China, 2005). In addition, HPLC 
technique was used to evaluate Danshen samples with different commercial sources (Hu et al., 
2005b). 
 
Lipid-soluble components 
Different chromatographic conditions were optimised to qualitatively and quantitatively 
determine single or multiple lipid-soluble components. The optimal chromatographic 
conditions, including column, mobile phase and detection wavelength in previous studies are 
summarized in Table 1.14. 
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Table 1.14 Chromatographic conditions in HPLC analysis of lipid-soluble components of Danshen  
Chemical component Column Mobile phase 
Detection 
wavelength 
Reference 
Tanshinone IIA C18 column Methanol-water (75:25, v/v) 270 nm 
(The State Pharmacopoeia 
Commission of People's 
Republic of China, 2005) 
Tanshinone IIA 
Lichrospher C18 column (150 mm × 3.9 nm, 5 
µm) 
Methanol-water (80:20 v/v) 270 nm (Liu et al., 2004c) 
Tanshinone IIA RP C18 column (200 mm × 4.6 nm, 5 µm) Methanol-water (80:20 v/v) 270 nm (Yang et al., 2004) 
Dihydrotanshinone I, 
cryptotanshinone, tanshinone 
I and tanshinone IIA 
Agilent ZORBAX Eclipse × DB-C18 column 
(250 mm × 4.6 nm, 5 µm) 
Methanol (containing 1% acetic acid) - 1% 
aqueous acetic acid 
280 nm (An et al., 2004) 
Dihydrotanshinone I, 
cryptotanshinone, tanshinone 
I and tanshinone IIA 
RP C18 column 
Methanol-water (containing 0.5% 
triethylamine)-tetrahydrofuran (55:45:5 v/v) 
254 nm (Zhang et al., 2005c) 
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Water-soluble components 
Previous studies have tested different chromatographic conditions to separate and determine 
single or multiple water-soluble components. Different standard references such as danshensu, 
protocatechuic aldehyde, caffeic acid and salvianolic acid B were used as water-soluble 
markers in these studies. Some HPLC methods have been validated with good linearity, 
precision, stability, repeatability and recovery (Zhang et al., 2001a). The selected column, 
optimized mobile phase and detection wavelength are summarised in Table 1.15. 
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Table 1.15 Chromatographic conditions in HPLC analysis of water-soluble components of Danshen  
Chemical component Column Mobile phase 1) 
Detection 
wavelength 
Reference 
Salvianolic acid B C18 column Methanol-acetonitrile-formic acid-water  286 nm 
(The State Pharmacopoeia 
Commission of People's 
Republic of China, 2005) 
Danshensu and 
protocatechuic aldehyde 
Kromasil C18 column (250 mm × 4.6 nm, 5 µm) Methanol-1% aqueous acetic acid (20:80, v/v) 280 nm  (Huang et al., 2005) 
Sodium danshensu, 
protocatechuic aldehyde 
and caffeic acid 
Agilent Zorbax eclipse × DB C18 column (250 
mm × 4.6 nm, 5 µm)   
Methanol (containing 1% acetic acid)-1% 
aqueous acetic acid 
280 nm (An et al., 2005) 
Salvianolic acid B YWG C18 column (250 mm × 4.6 nm, 10 µm) Methanol-5% aqueous acetic acid 281 nm (Zhang et al., 2001a) 
Salvianolic acid B 
Agilent Zorbax SB C18 column (250 mm × 4.6 
nm, 5 µm) 
Methanol- acetonitrile-formic acid-water 
(30:10:1:59, v/v) 
286 nm  (Zhao et al., 2006b) 
Salvianolic acid B, 
danshensu and 
protocatechuic aldehyde 
Hypersil C18 column (250 mm × 4.6 nm, 5 µm) Methanol-5% aqueous acetic acid 281 nm (You and Chen, 2003) 
Salvianolic acid B and 
caffeic acid 
RP C18 column (150 mm × 4.6 nm, 5 µm) Acetonitrile-water-formic acid (78:22:0.4, v/v) 330 nm (Hu et al., 2005b) 
1) Gradient elution method was used with different ratios of mobile phase at different elution stages. 
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Moreover, both lipid-soluble and water-soluble components of Danshen could be 
simultaneously separated and determined. A validated method was established on Shim-pack 
VP-ODS C18 column (150 mm × 4.6 nm, 5 µm) using a gradient method with methanol- 0.5% 
aqueous acetic acid as mobile phase to determine the contents of danshensu, tanshinone IIA, 
tanshinone I and cryptotanshinone at the wavelength of 281 nm (Zheng et al., 2003).  
 
1.3.2.2.2.2 Medicinal  preparations 
Many studies have been reported on the determination not only of tanshinone IIA and 
cryptotanshinone but also of danshensu, protocatechuic aldehyde and salvianolic acid B in 
different Danshen preparations, such as dripping pills, tablets, injections, capsules and 
granules (Yuan et al., 2005, Liu et al., 2006a, Shi et al., 2005c, Shi et al., 2005b, Wei et al., 
2007). The optimal chromatographic conditions of these studies are summarised in Table 1.16.
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Table 1.16 Chromatographic conditions in HPLC analysis of lipid and water-soluble componnents of Danshen preparations 
Danshen preparation Compound Column Mobile phase 1) 
Detection 
wavelength 
Reference 
Compound Danshen Tablets and 
Compound Danshen Dripping Pills 
etc. five preparations 
Cryptotanshinone, tanshinone I 
and tanshinone IIA 
Diamonsil C18 column (150 
mm × 4.6 nm, 5 µm) 
Methanol-tetrahydrofuran-
water-glacial acetic acid 
(20:35:44:1, v/v) 
254 nm (Shi et al., 2005c) 
Four preparations 
Danshensu, protocatechuic 
aldehyde, rosmarinic acid, 
lithospermic acid, salvianolic 
acid B and salvianolic acid A 
Zorbax Extend C18 column 
(250 mm × 4.6 nm, 5 µm) 
Acetonitrile-0.026% 
aqueous phosphoric acid 
288nm (Liu et al., 2006a) 
Le-Mai 乐脉 granule  
(Mixture of Radix Salviae 
miltiorrhizae, Radix paeoniae 
rubra and Rhizoma chuanxiong) 
Danshensu, protocatechuic acid, 
protocatechualdehyde and 
paeoniflorin and ferulic acid  
Diamonsil C18 column (150 
mm × 4.6 nm, 5 µm) 
Methanol- 1% aqueous 
acetic acid 
230, 262, 280 
and 322 nm 
(Shi et al., 2005b) 
Compound Pugongying 蒲公英
(Taraxacum mongolicum) mixture 
Chlorogenic acid, caffeic acid, 
ferulic acid, protocatechuic acid 
and protocatechuic aldehyde 
Hypersil ODS-2 column (200 
mm × 4.6 nm, 5 µm) 
Methanol-water 
(containing 0.2 M acetate 
buffer, pH 3.6) (15:85,v/v) 
300 nm (Li et al., 2004g) 
1) Gradient elution method was used with different ratios of mobile phase at different elution stages. 
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1.3.2.2.3 High-speed counter-current chromatography (HSCCC) 
High-speed counter-current chromatography (HSCCC), being a support-free liquid-liquid 
partition chromatography, has been widely used for the preparative isolation and purification 
of tanshinones and salvianolic acid B with high recovery and high efficiency (Tian et al., 2000, 
Li et al., 2002a). The HSCCC chromatographic conditions, isolation yielding and purities of 
isolated compounds are summarised in Table 1.17. 
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Table 1.17 Chromatographic conditions, isolation yielding and purities of isolated compounds in HSCCC analysis of Danshen 
Compound Solvent system 
Detection 
wavelength 
Isolation yielding Purity Reference 
Tanshinone I, tanshinone 
IIA and cryptotanshinone 
A: n-hexane-ethanol-water (4:1.8:2 v/v); 
B: n-hexane-ethanol-water (4:2.3:2 v/v) 
and C: n-hexane-ethanol-water (4:3:2 v/v) 
254 nm 
50 mg crude light petroleum extract yielding 
pure tanshinone IIA (7 mg), tanshinone I (3 
mg) and cryptotanshinone (4 mg) 
Over 95%  (Tian et al., 2000) 
Dihydrotanshinone I, 
cryptotanshinone, 
methylenetanshiquinone, 
tanshinone I, tanshinone IIA 
and danshenxinkun B 
A: n-hexane-ethanol-water (10:5.5:4.5, 
v/v) and B: n-hexane-ethanol-water 
(10:7:3, v/v) 
280 nm 
100 mg crude light petroleum extract yielding 
pure tanshinone IIA (16 mg), tanshinone I (10 
mg), dihydrotanshinone I ( 7 mg) and 
cryptotanshinone (11 mg) 
88.1%, 98.8%, 
97.6%, 93.5%, 
96.8% and 
94.3% 
(Tian et al., 2002) 
Salvianolic acid B 
n-hexane-ethyl acetate-ethanol-water 
(3:7:1:9, v/v) 
280 nm 
500 mg crude extract yielding 342 mg 
salvianolic acid B 
98% (Li et al., 2002a) 
Salvianolic acid B 
Hexane-ethyl acetate-methanol-water 
(1.5:5:1.5:5, v/v) 
n/a 
80 mg crude extract yielding 63.4 mg 
salvianolic acid B. 
98.6% (Wang et al., 2006a) 
3,4-dihydroxyphenyllactic 
acid, salvianolic acid B and 
protocatechualdehyde 
n-hexane-ethyl acetate-methanol-acetic 
acid-water (1:6:1.5:1.5:8, v/v) 
n/a 
100 mg aqueous extracted crude sample 
yielding 98.6%, 73.6% and 90.2% 
97.6%, 94.2% 
and 98.2% 
(Gu et al., 2007) 
 83 
1.3.2.2.4 Capillary electrophoresis (CE) 
CE is a widely applied technique in separation science on account of its high efficiency, rapid 
separation rate and low cost (Hansen et al., 1999, Li et al., 2004a, Issaq, 2000). Different CE 
methods were developed for determination of different bioactive compounds of Danshen raw 
materials and its preparations (Table 1.18) (Chen et al., 2004, Pan et al., 2001b). 
 
Table 1.18 Buffer composition, method advantage and insufficiency in different CE analyses 
of lipid and water-soluble components of Danshen  
Component CE method Buffer 
Advantage & 
insufficience 
Reference 
Cryptotanshinone, 
tanshinone IIA and 
tanshinone I 
Nonaqueous 
capillary 
electrophoresis 
(NACE) 
250 mmol/l 
ammonium acetate 
containing 30% 
acetonitrile and 1% 
aqueous acetic acid 
(v/v) in methanol 
No baseline 
separation of 
tanshinone I and 
tanshinone IIA  
(Chen et al., 
2004) 
Tanshinone I, 
tanshinone IIA and 
cryptotanshinone 
Nonaqueous 
micellar 
electrokinetic 
chromatography 
(NAMEKC) 
140 mmol/l sodium 
cholate in methanol 
Higher efficiency 
with simple and time 
saving; No baseline 
separation of 
tanshinone I and 
tanshinone IIA  
(Chen et al., 
2005a) 
Protocatechuic 
aldehyde and 
protocatechuic acid 
Capillary zone 
electrophoresis 
combining with 
electrochemical 
detection (CZE-ED) 
Phosphate buffer 
(PB) solution (pH 
6.4, 15 mmol/l) 
Highly sensitive, 
reproducible, and 
reliable  
(Pan et al., 
2001b) 
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1.3.2.2.5 Combined use of chromatography and spectroscopy 
1.3.2.2.5.1 HPLC-MS 
HPLC-MS/MS or multistage MS has been applied to clarify the structure of unknown 
bioactive compounds such as saponins, alkaloid, flavonoids and sesquiterpenoids in herbal 
medicines (Lai et al., 2006, Muller et al., 2006, Xing et al., 2007, Zhou et al., 2006). Currently, 
it has been widely used for qualitative identification and quantitative determination of 
bioactive compounds in Danshen raw materials and its preparations. Some developed 
chromatographic conditions are summarised in Table 1.19. 
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Table 1.19 Chromatographic conditions in HPLC-MS analysis of lipid and water-soluble components of Danshen and its preparations 
Component Method Column Mobile phase 1) Reference 
Dihydrotanshinone I, 
cryptotanshinone, tanshinone I, 
and tanshinone IIA 
HPLC-ESI-MS-MS 
C18 column (150 mm × 2.1 
mm, 5 µm) 
Acetonitrile-1.6% aqueous formic acid (7:3, v/v) (Hu et al., 2005c) 
27 tanshinones HPLC-ESI-MS C18 column Acetonitrile-0.03% aqueous formic acid (v/v) (Yang et al., 2006b) 
abietane-type diterpenes, 
flavonolignans and phenolic 
compounds  
HPLC-DAD-ESI-MS 
ODS column (150 × 4.6 mm, 
5 µm)  
Methanol and 0.5% aqueous formic acid (v/v) (Zhao et al., 2005b) 
1) Gradient elution method was used with different ratios of mobile phase at different elution stages. 
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1.3.2.2.5.2 HPLC combining with fluorescence detection 
A HPLC method has been developed, validated and applied to the determination of danshensu 
in dog plasma combining with fluorescence detection. The extracts were analysed on a RP 
WYG C18 column (200 × 4.6 mm, 5µm) with a mixture of 0.01mol/l monopotassium 
phosphate and acetonitrile (93:7, v/v; pH 2.8) as mobile phase, and 4-hydroxybenzoic acid B 
was used as the internal standard. Fluorescence detection at 285 nm (excitation) and 320 nm 
(emission) was employed. It has been to be linear, precise and accurate in the concentration 
range of 0.125-11.3 µg/ml, and thus could be suitable for pharmacokinetic study of Danshen 
(Luo et al., 2001).  
 
1.3.2.2.5.3 HSCCC combining with ESI-MS 
A high efficiency HSCCC separation of salvianolic acids from Danshen was obtained on a 
two-phase solvent system consisted of a mixture of n-hexane-ethylacetate-water-methanol 
(1.5:5:5:1.5, v/v). A total of five well-separated peaks were achieved in the HSCCC 
chromatogram, and their purities were determined by HPLC-UV absorption. These peaks 
were respectively characterized by UV-Vis spectra and ESI-MS as salvianolic acid B, 
rosmarinic acid, lithospermic acid, and salvianolic acid E (Chen et al., 2005b). 
 
1.3.2.2.6 Chromatographic fingerprinting  
Quality control in evaluating multi-component mixtures is important to ensure the identity, 
consistency and authenticity of herbal medicines (Fan et al., 2006). Previously, only a few 
markers were used to assess the quality and authenticity of complex herbal medicines or 
medicinal preparations, which are inadequate to address the complex nature of herbal 
medicines or medicinal preparations (Yang et al., 2005b).  
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In order to address this issue, a variety of chromatographic techniques, including TLC 
(Srivastava et al., 2004, Jiang et al., 2005c), GC (Zhang et al., 2004a, Ruan and Li, 2006), 
HPLC (Hu et al., 2005b, Zhou et al., 2005b, Shi et al., 2005a, Ji et al., 2005), HSCCC (Gu et 
al., 2004a) and CE (Yu et al., 2007, Sun et al., 2003b) have been employed to develop 
chemical fingerprints of herbal medicines. Particularly, the hyphenated chromatography with 
spectroscopy such as GC-MS (Wei et al., 2004) and HPLC-MS (Zhang et al., 2005e, Zhao et 
al., 2005a) and even more complex multiple MS with additional DAD (Li et al., 2004d, Meng 
et al., 2005) may show excellent performances in terms of correction of retention time shift, 
selectivity, chromatographic separation abilities and measurement precision (Gong et al., 
2004). Retention time is the characteristic time it takes for a particular substance to pass 
through the system (from the column inlet to the detector) under set conditions.  
 
Many chromatographic techniques such as TLC (Jiang et al., 2005c, Hu et al., 2005b, Zhao et 
al., 2006c), HPLC-DAD (Hu et al., 2005b, Zhang et al., 2005e), HPLC-MS-MS (Hu et al., 
2005a), HSCCC (Gu et al., 2003) and HSCCC-CE (Gu et al., 2004b) have been applied to 
develop variety of fingerprints of Danshen raw materials and its medicinal preparations. The 
aim is to ensure their identity, consistency and authenticity of Danshen raw materials 
cultivated in different areas of China and Danshen Injections produced in pharmaceutical 
industries (Xie et al., 2006). 
 
1.3.2.2.6.1 Herbal raw materials 
Fingerprint of alcohol extract 
In previous studies, constructions of Danshen fingerprints focused on its alcohol extracts to 
elucidate its chemical characteristics of lipid-soluble components and evaluate its consistency 
in different batches (Wang et al., 2003b, Liu et al., 2004b, Yang et al., 2003). The mobile 
phase often used acetonitrile combining with phosphorus acid and achieved a good elution 
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ability (Li et al., 2006). Nearly all of peaks can be separated from alcohol extracts in 60 min 
(Zhang et al., 2005d). The chromatographic conditions of these studies are summarised in 
Table 1.20. The methods have been validated based on retention times (RTs) and relative 
retention times (RRTs) of common peaks for qualitative identification, and peak areas (PAs) 
as well as relative peak areas (RPAs) of main peaks for quantitative determination (Zhang et 
al., 2005d, Chinese State Food and Drug Adminstration, 2000). Relative retention time is a 
ratio between the net retention time of a substance and that of a standard compound. Peak 
area is the area enclosed between the peak and the baseline, and is measured with mAu (i.e. a 
unit of peak area in HPLC determination). Relative peak area is a ratio between the net peak 
area of a substance and that of a standard compound. 
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Table 1.20 Comparison of extraction solvents, chromatographic conditions and fingerprinting profiles of alcohol extracts of Danshen by HPLC 
Chromatographic condition Number of peaks Method validation (RSD) 1) 
Extraction 
solvent Column Mobile phase  
Detection 
wavelength 
Common 
peaks 
Main 
peaks 
Precision Repeatability Stability 
Reference 
Methanol 
Nova-Pak RP C18  
(250 mm × 4.6 
mm, 5 µm) 
Methanol-
water (75:25, 
v/v) 
270 nm 7 n/a 
RRTs ≤ 3%;  
RPAs ≤ 3%  
RRTs ≤ 3%; 
RPAs ≤ 3%  
RRTs ≤ 3%;  
RPAs ≤ 3%, 16 
hrs 
(Wang et al., 2003b) 
Ethanol 
and aether 
Planetsil C18  
(150 mm × 4.6 
mm, 5 µm) 
Methanol-water 
(45:55, v/v) 
270 nm 11 9 
0.67% (PA of 
tanshinone IIA); 
0.96% (PA of 
cryptotanshinone) 
1.5% (PA of 
tanshinone IIA); 
1.6% (PA of 
cryptotanshinone 
PAs of tanshinone 
IIA and 
cryptotanshinone 
< 3%, 48 hrs 
(Yang et al., 2003) 
Methanol 
Kromasil C18 
column
 
(250 mm × 
4.6 mm, 5 µm)
 
Acetrontrile 
(0.02% 
phosphorus 
acid)- 0.02% 
phosphorus 
acid  
280 nm 14 n/a 
RRTs <0.09%; 
RPAs < 1.5% 
RRTs <0.7%; 
RPAs < 3% 
RRTs <0.4%; 
RPAs < 4%, 12 
hrs 
(Li et al., 2006) 
Ethanol 
Kromasil 100 C18 
column (250 mm × 
4.6 mm, 5 µm)  
Acetonitrile-
10% 
acetonitrile 
254 nm. 10 8 
RRTs < 3%;  
RPAs < 3% 
RRTs < 3%; 
RPAs < 3% 
RRTs < 3%;  
RPAs < 3%,72 hrs 
(Liu et al., 2004b) 
1) RRTs: relative retention times of common peaks; PA: peak area of main common peaks; RPAs: relative peak areas of main common peaks. 
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Different gradient elution methods have been developed to improve the separation efficiency. 
Those components with similar chemical properties could be separated by regulating the ratio 
of the mobile phase at different elution stages (Table 1.21) (Li et al., 2006).  
 
Table 1.21 Different gradient elution methods in HPLC chromatographic fingerprinting of 
lipid-soluble components of Danshen  
Gradient elution method Reference 
0.01 min: acetonitrile-water (45:55,v/v); 
10 min: acetonitrile-water (50:50, v/v); 
40 min: acetonitrile-water (60:40, v/v); 
60 min: acetonitrile-water (70:30, v/v); 
70 min: acetonitrile-water (45:55, v/v). 
(Zhang et al., 2005d) 
0.01 min: acetonitriel-10% acetonitrile (40:60,v/v); 
80 min: acetonitriel-10% acetonitrile (60:40, v/v); 
90 min: acetonitriel-10% acetonitrile (40:60, v/v). 
(Liu et al., 2004b) 
0.01 min: (A) acetontrile (containing 0.02% phosphorus acid)-(B)   
                 0.02% aqueous phosphorus acid (20:80, v/v);  
15 min: A-B (30:70, v/v); 
18 min: A-B (50:50, v/v); 
35 min: A-B (60:40, v/v); 
60 min: A-B (80:20, v/v); 
75 min: A-B (100:0, v/v); 
100 min: A-B (100:0, v/v). 
(Li et al., 2006) 
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Fingerprint of aqueous extract 
With more clinical therapeutic efficacy found in water-soluble components of Danshen, 
recently more studies focused on chemical fingerprints of water-soluble components (Zhang 
et al., 2005d). Particularly, in 2000, SFDA required all the injections produced from herbal 
raw materials should be standardised by chromatographic fingerprinting (Chinese State Food 
and Drug Adminstration, 2000). The chromatographic conditions and method validations in 
these studies are summarised in Table 1.22. 
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Table 1.22 Comparison of extraction solvents, chromatographic conditions and fingerprinting profiles of aqueous extracts of Danshen by HPLC 
Chromatographic conditions Number of peaks Method validation (RSD) 
Extraction 
solvent Column Mobile phase  Wavelength 
Common 
peaks 
Main 
peaks 
Precision Repeatability Stability 
Reference 
Water 
Zobax Extend C18 
column (250 mm × 
4.6 mm) 
Acetonitrile-0.026% 
phosphorus acid 
n/a (MS) 10 n/a 
RTs ≤ 1.2%; 
PAs ≤ 5.06% 
PAs ≤ 7.5% 
PAs ≤ 7.1%; 
12 hrs 
(Zhang et al., 2005d) 
Water 
Alltech C18 column       
(250 mm × 4.6 mm, 
5 µm) 
Methanol (containing 
1% acetic acid)-1% 
aqueous acetic acid 
281 nm 11 n/a RPAs < 5% RPAs < 5% 
RPAs < 5%; 
12 hrs 
(Liu et al., 2002) 
Water 
Waters C18 column       
(250 mm × 4.6 mm, 
5 µm)  
Methanol-1% 
aqueous acetic acid 
254 nm 15 n/a n/a n/a n/a (Song et al., 2005b) 
n/a 
Alltima C18 column       
(250 mm × 4.6 mm, 
5 µm) 
Acetonitrile- 0.45% 
aqueous acetic acid 
360 nm 18 6 
RRTs < 1.02%; 
RPAs < 1.03% 
RRTs < 
1.09%; RPAs 
< 1.12% 
RRTs < 
1.03%; RPAs 
< 1.05% 
(Li et al., 2003d) 
1) RTs: retention times of common peaks; RRTs: relative retention times of common peaks; PAs: peak areas of main common peaks; RPAs: relative peak areas of main common 
peaks. 
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Diverse chromatographic fimgerprints could be developed with different chromatographic 
conditions. Particularly, the gradient elution methods and the types of the columns have 
significant effects on separated peak numbers, relative retention times and relative peak areas 
of common peaks. For example, 15 peaks of water-soluble components can be detected with 
Waters C18 column (250 mm × 6.0 mm, 5 µm), but using Zorbax C18 column (250 mm × 4.6 
mm, 5 µm), only 13 peaks of them were separated (Song et al., 2005b).  Three gradient elution 
methods in previous studies were summarised in Table 1.23. 
 
Table 1.23 Different gradient elution methods in HPLC chromatographic fingerprinting of 
water-soluble components of Danshen 
Gradient method Reference 
0.01 min: acetonitrile-0.026% aqueous phosphorus acid (12:88,v/v); 
5 min: acetonitrile-0.026% aqueous phosphorus acid (12:88, v/v); 
20 min: acetonitrile-0.026% aqueous phosphorus acid (15:85, v/v); 
35 min: acetonitrile-0.026% aqueous phosphorus acid (20:80, v/v); 
45 min: acetonitrile-0.026% aqueous phosphorus acid (23:77, v/v); 
55 min: acetonitrile-0.026% aqueous phosphorus acid (30:70, v/v); 
65 min: acetonitrile-0.026% aqueous phosphorus acid (12:88, v/v). 
(Zhang et al., 2005d) 
0.01 min: methanol (containing 1% acetic acid)-1% aqueous acetic acid 
                (10:90,v/v); 
55 min: methanol (containing 1% acetic acid)-1% aqueous acetic acid (100:0, 
v/v). 
(Liu et al., 2002) 
0.01 min: methanol-1% aqueous acetic acid (5:95,v/v); 
80 min: methanol-1% aqueous acetic acid (61:39, v/v); 
90 min: methanol-1% aqueous acetic acid (95:5, v/v). 
(Song et al., 2005b) 
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Fingerprint of mixture of alcohol and aqueous extracts 
Danshen chromatographic fingerprints are generally developed from alcohol extracts and 
aqueous extracts, respectively. However, it was also established by simultaneous separation of 
lipid-soluble and water-soluble components in Danshen raw materials. In the study of Hu et al. 
(2005), the HPLC fingerprint was developed on a C18 column (250 mm × 4.6 mm, 5 µm) with 
the mobile phase of acetonitrile and water-acetonitrile-formic acid (90:10:0.4, v/v) in a 
gradient elution (Table 1.24). Seven peaks with reasonable height and good resolution were 
selected as characteristic peaks for the qualitative identification of seven batches of Danshen 
raw materials (Hu et al., 2005b). 
 
Zheng et al. (2006) performed another study to simultaneous separation of lipid-soluble and 
water-soluble components in Danshen. A validated HPLC method was established on a Shim-
pack CLC-ODS column (150 mm × 4.6 mm) using a gradient elution of methanol-0.5% 
aqueous acetic acid as mobile phase at the detection wavelength of 281 nm (Table 1.24). A 
total of 15 common peaks were selected as characteristic peaks to evaluate 10 batches of 
Danshen samples (Zheng et al., 2006).  
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Table 1.24 Different gradient elution methods in HPLC chromatographic fingerprinting of 
lipid-soluble and water-soluble components of Danshen 
Gradient method Reference 
0.01 min: acetonitrile and water-acetonitrile-formic acid (90:10:0.4, v/v) (0:100, v/v);  
40 min: acetonitrile and water-acetonitrile-formic acid (90:10:0.4, v/v) (30:70, v/v);  
50 min: acetonitrile and water-acetonitrile-formic acid (90:10:0.4, v/v) (80:20, v/v);  
70 min: acetonitrile and water-acetonitrile-formic acid (90:10:0.4, v/v) (85:15, v/v);  
(Hu et al., 2005b) 
0.01 min: methanol -0.5% acetic acid (20:80,v/v); 
10 min: methanol -0.5% acetic acid (30:70,v/v); 
15 min: methanol -0.5% acetic acid (40:60,v/v); 
60 min: methanol -0.5% acetic acid (90:10,v/v); 
80 min: methanol -0.5% acetic acid (90:10,v/v); 
80.01 min: methanol -0.5% acetic acid (20:80, v/v). 
(Zheng et al., 
2006) 
 
1.3.2.2.6.2 Medicinal preparations 
More studies were focused on the development of chromatographic fingerprint of Danshen 
Injection and Compound Danshen Dripping Pill (Zhang et al., 2005e, Zhang et al., 2005d, Fan 
et al., 2005). Various chromatographic fingerprints were set up with different chromatographic 
conditions and applied to control the consistency from batch to batch in Danshen preparations 
(Wang et al., 2003d, zhang et al., 2002c, Tao et al., 2005).  
 
In the study of Zhang et al. (2005), chemical fingerprint and metabolic fingerprint of Danshen 
injection were developed using HPLC-UV and HPLC-MS methods on an Agilent 1100 series 
HPLC system with diode-array detector using a Zobax Extend RP C18 column (250 mm × 4.6 
mm, 5 µm) at a detection wavelength of 288 nm. A gradient elution of acetonitrile and 1% 
aqueous acetic acid as mobile phase was employed (Table 1.25). 15 common peaks in HPLC 
fingerprint and their relative peak areas could be used to characterize the Danshen injection 
and assess the consistency from batch to batch (Zhang et al., 2005e). 
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The multiple HPLC fingerprints of Compound Danshen Dripping Pill were established on 
both phenolic acids and ginsenosides. A gradient elution method was performed on a Zorbax 
SBC C-18 column (250 mm × 4.6 mm, 5 µm) at a detection wavelength of 280 nm for the 
separation of phenolic acids (Table 1.25). 10 peaks were selected as representatives of 
phenolic acids in evaluating the batch to batch consistency of Compound Danshen Dripping 
Pills (Fan et al., 2005). 
 
Table 1.25 Different gradient elution methods in HPLC chromatographic fingerprinting of 
Danshen Injection and Compound Danshen Dripping Pill 
Danshen Products Gradient elution method  Reference  
Danshen Injection 
0.01 min: acetonitrile-1% aqueous acetic acid (12:88,v/v); 
5 min: acetonitrile-1% aqueous acetic acid (12:88, v/v); 
35 min: acetonitrile-1% aqueous acetic acid (20:80, v/v); 
45 min: acetonitrile-1% aqueous acetic acid (23:77, v/v); 
55 min: acetonitrile-1% aqueous acetic acid (30:70, v/v); 
65 min: acetonitrile-1% aqueous acetic acid (12:88, v/v). 
(Zhang et al., 
2005d) 
Compound Danshen 
Dripping Pill 
0.01 min: (A) acetonitrile (containing 0.02% phosphorus acid)-
(B) 0.02% aqueous sphosphorus acid (8:92, v/v); 
8 min: A-B (18:82, v/v); 
15 min: A-B (21:79, v/v); 
40 min: A-B (34:66, v/v). 
(Fan et al., 2005) 
 
In conclusion, varieties of herbal extraction and analysis methods with conventional and 
modern techniques have been established (Ong, 2004a, Huie, 2002). Particularly, SFE has 
more potential to be used in pharmaceutical industries without much organic solvent 
consumption (Li et al., 2002c); PLE, especially PHWE has more advantages with its 
convenient and rapid performance, and was popularly employed in research work (Ong and 
Len, 2004). SPE is a most efficient purification method for complex test matrix (Zhang and 
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Cheng, 2006). HPLC, HSCCC and CE techniques combining with MSn were often used not 
only for qualitative identification of different sources of Danshen crude materials, but also for 
quantitative determination of pharmacological active marker comounds, especially for quality 
consistent control of the Danshen raw materials and its medicinal preparations from batch to 
batch using chromatographic fingerprinting (Hu et al., 2005b, Gu et al., 2004b, Zhang et al., 
2005e). 
 
1.4 Aims of This Thesis 
As mentioned in this Chapter, safety and quality issues are often found in imported CHMs and 
result in poor efficacies in clinical therapies. Local production of Chinese herbal raw 
materials in Australia has been recognised as an effective approach to solve these problems. 
Moreover, the yield of medicinal parts and their bioactive components have been proved to 
vary within different herbal cultivars, environmental and agricultural conditions and 
harvesting times. The major aim of this thesis was to verify the cultivation feasibility of 
Danshen herb in Victoria, Australia. The specific aims include: 1) evaluation of climatic and 
soil conditions of the cultivation site; 2) selection of optimum Danshen cultivars grown in 
local area; 3) selection of optimum harvesting time; 4) optimisation of plant densities; and 5) 
optimisation of fertiliser conditions.  
 
Field trials including variety comparison, harvesting time, plant density and fertiliser trials, 
and chemical analysis including qualitative analysis by TLC, quantitative analysis of four 
marker compounds and chromatographic fingerprinting by HPLC were conducted in this 
thesis. The main research questions may be answered by this thesis, including: 1) is it feasible 
to grow Danshen in Victoria, Australia? 2) What is the quality of Australian grown Danshen? 
3) Can a quality control method be established for herbal farming of Danshen in Victoria? 
The findings may provide useful information to herbal growers for correct cultivation of 
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Danshen, including selection of cultivation site and good cultivar and practice of correct 
planting, fertilising and harvesting. It may also provide a validated quality control method for 
pharmaceutical industries and helps them to use high quality Danshen raw materials. 
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There are two major parts of methodologies used in this study, 1) field trials, including variety 
comparison, harvesting time, plant density and fertiliser trials, were conducted to select good 
Danshen varieties and optimum agricultural conditions for Danshen local cultivation in 
Australia; 2) chemical analysis, including qualitative identification using TLC and 
quantitative determination of the four maker compounds and chromatographic fingerprinting 
using HPLC, were conducted on different Danshen samples grown in Victoria, Australia.  
 
2.1 Field trial 
2.1.1 Site selection 
The cultivation site is situated at the Northern Melbourne Institute TAFE (NMIT), Epping 
Campus, which is in the city of Whittlesea (Figure 2.1). The climatic and soil conditions of 
the cultivation site are further discussed in Chapter 4. 
 
 
  
Figure 2.1 Locality of the NMIT in Epping (marked with ■) (Whereis.com). 
 
 
● 
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2.1.2 Source of Danshen seeds 
Eight batches of Danshen seeds were collected from different Danshen primary production 
areas in China (shown in Table 2.1). These seeds were inspected and cleared by Australian 
Quarantine and Inspection Service (AQIS) when they were imported to Australia. 
 
Table 2.1 Collection information of eight batches of Chinese grown Danshen seeds and their 
uses in four field trials 
Use in field trial  
Seed ID  1) Origin Source 2) Variety 
comparison 
trial 
Harvesting 
time trial 
Plant 
density trial  
Fertiliser 
trial 
S1 
Salvia miltiorrhiza 
f. alba 
Linqu 临朐, 
Shandong  
√   √ 
S2 S. miltiorrhiza 
Pingyi 平邑,  
Shandong  
√    
S3 S. miltiorrhiza Linqu, Shandong √    
S4 S. miltiorrhiza 
Shangluo, 
Shanxi 
√ √ √  
S5 S. miltiorrhiza 
Hanzhong 汉中, 
Shanxi 
√    
S6 S. miltiorrhiza 
Fangcheng, 
Henan 
√    
S7 S. miltiorrhiza 
Anguo 安国, 
Hebei 
√    
S8 S. sinica 
Panan 磐安, 
Zhejiang 
√    
1) S1 to S8 was seed ID code and represented the eight batches of Danshen seeds; 2) the source was shown as 
county (or district or city) and province in China, e.g. Linqu county in Shandong province. 
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2.1.3 Propagation of Danshen seedlings  
Danshen seedlings were propagated by seeds in greenhouses at the NMIT (Figure 2.2). Pots 
with a diameter either of 5 cm or 12 cm arrayed on trays (size of 34 × 28 cm) were used for 
the propagation. After about 40 days of seed sowing, the seedlings were transplanted into 
different field plots for further agricultural trials. 
 
               
 
Figure 2.2 Images of propagation of Danshen seedlings (left: greenhouses at the NMIT; right: 
Danshen seedlings). 
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2.1.4 Field trial design  
Two years of local cultivation were conducted in each of the four field trials in October 2004. 
Prior to the seedling transplantation, total 69 field plots (each with a size of 2 m × 1.3 m, 
length × width) were prepared. 10 cubic meters of compost were used as base fertiliser and 
evenly applied to every field plots. Among which, 24 plots used for variety comparison trial, 6 
plots for harvesting time trial, 24 plots for plant density trial and 15 plots for fertiliser trial. 
The cultivation sites were shown on the image (Figure 2.3) and the arrangements of the four 
field trials were indicated in the diagram below (Figure 2.4).  
 
 
 
Figure 2.3 Image of cultivation sites at NMIT (Apple trees were pruned to reduce their 
possible shading influence on those Danshen plants grown near these trees). 
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↑ South direction 
4 5 6
1 2 3
4 5 6
15 1 2 3
14 14 10 24
13 13 9 23
12 12 8 22
11 11 7 21
10 10 6 20
9 9 5 19
8 8 4 18
7 7 3 17
6 6 2 16
5 5 1 15
4 4 18 14
3 3 17 13
2 2 16 12
1 1 15 11
  Apple tree
  Bare area
  Fertiliser trial (1st and 2nd year)
  Plant density trial (1st and 2nd year)
  45 × 40 cm plant density trial (2nd year only)
  Variety comparison trial (1st and 2nd year)
  Harvesting time trial (1st and 2nd year)
 
 
Figure 2.4 Arrangements of four field trials at NMIT sites.  
The numbers (e.g. 1-15) in Figure 2.4 represented sequence number of field plot in different field trials. These 
numbers were matched with those in Tables 2.2, 2.3 and 2.5. Each of the four field trials was conducted in a two 
years of cultivation. Apart from the 18 field plots in plant density trial, six field plots were also specially 
prepared for the plant density of 45 × 40 cm and used for the annual harvesting in the second year, since no 
enough plant-pairs could be harvested in field plots 6, 10 and 13 (see Table 2.3) in plant density trial in the 
second year after the annual harvesting in the first year. 
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2.1.4.1 Variety comparison trial 
The experiment was laid out as a completely randomised design with three replicates, giving a 
total of 24 field plots. Seedlings propagated from the eight batches of Danshen seeds, were 
transplanted into the 24 corresponding filed plots. As shown in Table 2.2, each of the eight 
batches of seedlings was planted in three replicate field plots with 25 pairs of Danshen plants 
for each field plot. The eight batches of Danshen seedlings were identified based on the seed 
ID codes with number (i.e. S1-8) as follows: V1, V2, V3, V4, V5, V6, V7 and V8 and these 
codes were also used to identify the corresponding Danshen varieties in the field trial in 
Australia. Plants were harvested according to the harvesting schedule described in Chapter 
2.1.6. The growth features for each plant-pair, including plant height, number of side branches, 
weight of fresh aerial parts, number of roots, maximum root length, maximum root diameter 
and weight of fresh roots were measured and recorded. When combined with the chemical 
analysis data, these data were used to select good Danshen varieties with high root yield and 
acceptable contents of main chemical components in their roots. 
 
Table 2.2 Random arrangements of 24 field plots in variety comparison trial  
Variety ID 1) 
Sequence 
number of field 
plot 2) 
Variety ID 1) 
Sequence 
number of field 
plot 2) 
Variety ID 1) 
Sequence 
number of field 
plot 2) 
V1-1  1 V3-3 19 V6-2 18 
V1-2 4 V4-1 2 V6-3 24 
V1-3 17 V4-2 7 V7-1 3 
V2-1 6 V4-3 16 V7-2 9 
V2-2 10 V5-1 11 V7-3 21 
V2-3 22 V5-2 14 V8-1 12 
V3-1 5 V5-3 20 V8-2 15 
V3-2 8 V6-1 13 V8-3 23 
1) 1, 2, and 3 in each variety (e.g. V1-1, V1-2 and V1-3) represented no. of three replicates; 2) the sequence 
number of each field plot was matched with that in Figure 2.4. 
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2.1.4.2 Harvesting time trial  
The experiment was laid out as a completely randomised design with six replicates, giving a 
total of six field plots. Seedlings propagated by S4 (seed ID code) seeds were transplanted 
into the six replicate filed plots with 25 pairs of Danshen plants for each field plot. Fifteen 
harvesting time points, including 30, 90, 120, 160, 180, 210, 250, 290, 310, 340, 400, 460, 
540, 580, and 650 days after planting, were selected at different growth stages over two years 
of cultivation period. The first year started from the planting date of the seedlings (i.e. 26, 
October 2004) and finished at 310 days after planting, and the second year was from 310 to 
650 days after planting. Plants were harvested according to the harvesting schedule described 
in Chapter 2.1.6. The growth features for each plant-pair, including number of leaves, number 
of side branches, weight of fresh aerial parts, numbers of small roots (2 mm ≤ diameter < 6 
mm) and large roots (diameter ≥ 6 mm), maximum root length, maximum root diameter and 
weight of fresh roots, were measured and recorded. When combined with the chemical 
analysis data, these data were used to determine ideal harvesting time when both the root 
yield and the contents of main chemical components were optimal.  
 
2.1.4.3 Plant density trial 
The experiment was laid out as a completely randomised design with three replicates, giving a 
total of 18 field plots in six plant densities, including 30 × 20 cm (row spacing × plant 
spacing), 30 × 30 cm, 30 × 40 cm, 45 × 20 cm, 45 × 30 cm and 45 × 40 cm. S4 (seed ID code) 
seeds, which were collected from Shangluo district in Shanxi province, were used in this field 
trial. Different amount of plant-pairs of Danshen seedlings (20-49 plant-pairs) were 
transplanted into three replicate field plots of the six plant densities. The random 
arrangements of the field plots were displayed in Table 2.3. Six field plots were also specially 
prepared for the plant density of 45 × 40 cm and used for the annual harvesting in the second 
year (see Figure 2.4). Plants were harvested according to the harvesting schedule described in 
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Chapter 2.1.6. The growth features for each plant-pair, including plant height, number of side 
branches, weight of fresh aerial parts, number of roots (diameter ≥ 6 mm), maximum root 
length, maximum root diameter and weight of fresh roots were measured and recorded. When 
combined with the chemical analysis data, these data were used to select optimum plant 
density with high root yield and acceptable contents of the four marker compounds in 
Danshen roots. 
 
Table 2.3 Random arrangements of 18 field plots in plant density trial 
Plant density 1) 
Sequence number of 
field plot 2) 
Number of 
plant-pairs per 
field plot  
Plant density 1) 
Sequence number of 
field plot 2) 
Number of 
plant-pairs per 
field plot 
30  × 20 cm 1 1 49 45 × 20 cm 1 3 35 
30  × 20 cm 2 8 49 45 × 20 cm 2 11 35 
30  × 20 cm 3 15 49 45 × 20 cm 3 16 35 
30 × 30 cm 1 2 35  45 ×30 cm 1 5 25 
30 × 30 cm 2 12 35 45 ×30 cm 2 18 25 
30 × 30 cm 3 17 35 45 ×30 cm 3 9 25 
30 ×40 cm 1 4 28 45 × 40 cm 1 6 20 
30 ×40 cm 2 7 28 45 × 40 cm 2 10 20 
30 ×40 cm 3 14 28 45 × 40 cm 3 13 20 
1) Plant density was shown as row spacing × plant spacing, 1, 2, and 3 in each plant density (e.g. 30 × 20 cm 1, 
30 × 20 cm 2 and 30 × 20 cm 3) represented no. of three replicates; 2) the sequence number of each field plot 
was matched with that in Figure 2.4. 
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2.1.4.4 Fertiliser trial  
Three inorganic fertilisers, including sulphate of ammonia (20.5% nitrogen), super phosphate 
(9.0% phosphorus) and sulphate of potash (41.5% potassium), were used in the fertiliser trial. 
Four combinations of these three fertilisers, at their two levels of either low level (37.5 kg/ha 
of nitrogen, 37.5 kg/ha of phosphorus and 30.0 kg/ha of potassium) or high level (149.9 kg/ha 
of nitrogen, 149.9 kg/ha of phosphorus and 119.9 kg/ha of potassium), were used based on the 
orthogonal design of L4 (23) trial (Table 2.4). A blank control without any fertilisers applied 
was used concurrently. The experiment was laid out as a completely randomised design with 
three replicates, giving a total of 15 field plots. The random arrangements of the field plots 
were displayed in Table 2.5.  
 
Table 2.4 Orthogonal design of L4 (23) in fertiliser trial 
No. of fertiliser 
combination 
Fertiliser combination 1) Amount of three fertilisers (per ha per year) 
1 High N, high P and low K  
723 kg sulphate of ammonia, 1666 kg super 
phosphate and 72 kg sulphate of potash 
2 High N, low P and high K 
723 kg sulphate of ammonia, 417 kg super 
phosphate and 289 kg sulphate of potash 
3 Low N, high P and high K 
183 kg sulphate of ammonia, 1666 kg super 
phosphate and 289 kg sulphate of potash 
4 Low N, low P and low K 
183 kg sulphate of ammonia, , 417 kg super 
phosphate and 72 kg sulphate of potash 
1) High N, high P and low K: High level nitrogen, high level phosphorus and low level potassium; High N, low P 
and high K: High level nitrogen, low level phosphorus and high level potassium; Low N, high P and high K: 
Low level nitrogen, high level phosphorus and high level potassium; Low N, low P and low K: Low level 
nitrogen, low level phosphorus and low level potassium. 
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Table 2.5 Random arrangements of 15 field plots in fertiliser trial  
Fertiliser treatment 1) 
Sequence number 
of field plot 2) 
Fertiliser treatment 1) 
Sequence number 
of field plot 2) 
Blank control 1  1 High N, low P and high K 3 2 
Blank control 2 11 Low N, High P and High K 1 7 
Blank control 3 14 Low N, High P and High K 2 10 
High N, High P and Low K 1  3 Low N, High P and High K 3 13 
High N, High P and Low K 2 9 Low N, Low P and Low K 1 15 
High N, High P and Low K 3 6 Low N, Low P and Low K 2 8 
High N, low P and high K 1 5 Low N, Low P and Low K 3 4 
High N, low P and high K 2 12 n/a n/a 
1) 1, 2, and 3 in each fertiliser treatment (e.g. Blank control 1, Blank control 2 and Blank control 3) represented 
no. of three replicates; 2) the sequence number of each field plot was matched with that in Figure 2.4. 
 
The three fertilisers were applied only in the first year. Any fertilisers weren’t applied in the 
second year. Each combination of the three fertilisers was applied proportionally at different 
growth stages of plants. Prior to the seedling transplantation, 2/3 sulphate of ammonia (i.e. 
482 kg/ha for high N and 122 kg/ha for low N) and 1/3 super phosphate (i.e. 555.3 kg/ha for 
high P and 139 kg/ha for low P) in each of the four fertilisation combinations were applied 
into the corresponding field plot on 22 October 2004. The remaining was applied at either the 
seedling stage on 7 February 2005, and root rapid growth stages on 21 March 2005 as follows: 
1/3 sulphate of ammonia (i.e. 241 kg/ha for high N and 61 kg/ha for low N) applied 
thoroughly at the seedling stage; two of 1/3 super phosphate (i.e. 555.3 kg/ha for high P and 
139 kg/ha for low P) applied at seedling stage and root rapid growth stages respectively; and 
two of 1/2 sulphate of potash (i.e. 144.5 kg/ha for high K and 36 kg/ha for low K) applied at 
seedling stage and root rapid growth stages respectively. Plants were harvested according to 
the harvesting schedule described in Chapter 2.1.6. The growth features for each plant-pair, 
including number of leaves, weight of fresh aerial parts, number of roots (diameter ≥ 6 mm), 
maximum root length, maximum root diameter and weight of fresh roots were measured and 
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recorded. When combined with the chemical analysis data, these data were used to select 
optimum fertiliser treatments with high root yield and acceptable contents of the four marker 
compounds in Danshen roots. 
 
2.1.5 Monitoring and maintenance of field plots 
2.1.5.1 Transplanting of Danshen seedlings 
Danshen seedlings were transplanted at the plant density of 45 × 30 cm (row spacing × plant 
spacing) in all the other field trials apart from the plant density trial, with 25 pair seedlings of 
each field plot. Each punnet (i.e. planting hole) in each of filed plots was planted with two 
plant seedlings (i.e. one plant-pair). Seedlings used in plant density trial were transplanted as 
the description in Chapter 2.1.4.3. 
 
2.1.5.2 Weed management 
Pea straw was spread over field plots to a depth of 5 cm as the mulch after planting. Regular 
hand weeding or intertillage with a hoe was complementally used to manage all field plots. 
 
2.1.5.3 Fertiliser application  
Apart from the fertiliser trial, all field plots were applied with commercial Fish Emulsion 
Fertiliser (Multicrop (Aust.) Pty. Ltd. Victoria) at seedling stage and root rapid growth stage 
in the first year. Any fertilisers weren’t applied in the second year. The field plots involved in 
the fertiliser trial were fertilised as the description in Chapter 2.1.4.4. 
 
2.1.5.4 Irrigation 
All field plots were irrigated using the overhead sprinkler irrigation system as a supplement to 
the rainfall shortage in summer. The irrigation was performed every second day for 30 
minutes each time. 
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2.1.6 Harvesting and field data collection 
Regular root harvests were conducted twice, at 310 days (in early September 2005) and 650 
days (in the mid of August 2006) after planting (Figure 2.5, shown on left). In variety 
comparison, plant density and fertiliser trials, four plant-pairs were harvested per field plot 
each time. Each plant-pair was harvested from a punnet (i.e. planting hole in field plot). 
Together 12 plant-pairs were randomly harvested for each variety or fertiliser or density 
treatment. In harvesting time trial, a plant-pair was randomly harvested from each of three 
replicate field plots, randomly selected from the six replicate field plots at each harvesting 
time point. After each harvest, new plants were replanted in bare areas of the field plots to 
maintain their plant densities. These plants were not used in subsequent analysis. The growth 
features were measured and recorded according to the requirement of each field trial. After 
data collection, the roots were processed and air dried for subsequent chemical analysis 
(Figure 2.5, shown on right). 
 
 
 
 
 
 
 
 
Figure 2.5 Images of Danshen harvesting and processing (left: harvesting with an excavator; 
right: herbal slices in air dry). 
 
 
 
 112 
2.1.7 Analysis of field data 
Standard error (SE) was used to evaluate the variation of growth parameters in each of the 
growth features for 12 replicate plant-pairs. SE is a measurement of the sampling variability 
and is calculated from standard deviation (SD) divided by square root of the number of the 
sampling. Standard deviation (SD) is a measure of the spread of sampling values. It is defined 
as the square root of the variance. The field data were analysed by a Two-Way ANOVA to test 
whether there were any significant differences (P < 0.05) between each of the varieties or 
density or fertiliser treatments and each of three replicate plots. A variety (or treatment) × 
replicate term was also generated to reveal any significant interaction between the variety (or 
treatment) and replicate. Significant differences at P < 0.05 between varieties or density or 
fertiliser treatments (e.g. V1, V2, V3 etc) are indicated by a, b, c etc (e.g.  Table 5.2). When 
varieties or treatments are designated with the same letter (e.g. a, b, c etc) there is no 
significant difference between the varieties or treatments. When there is a significant 
difference between varieties or treatments, there is no letter in common. This relationship only 
holds within a column and not between columns. A Scatter/Dot graph was generated to 
evaluate linear correlation between growth features and their correlation coefficients were 
analysed by SPSS. 
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2.2 Chemical analysis  
2.2.1 Herbal raw materials  
2.2.1.1 Collected from China  
Seven batches of Danshen samples were collected from Danshen primary production areas in 
China (where the Danshen seeds were collected) (Table 2.1). These herbal samples were 
identified with sample ID codes of HR1 (i.e. herbal reference No.1), HR2, HR3, HR4, HR5, 
HR6 and HR8 (without HR7), and used as herbal references in quantitative determination of 
Australian grown Danshen samples. 
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2.2.1.2 Collected from Australia 
A total of 69 batches of Danshen samples were collected from the four field trials described in 
Chapter 2.1.4. “Batch” was a definite quantity of dry roots considered as a unit of sample for 
testing. Each of 69 batches had different sources whereas some of them fell into three 
replicate samples. In variety comparison, plant density and fertiliser trial, one sample was a 
mixture of dry roots from four plant-pairs harvested from each field plot. In harvesting time 
trial, one sample was a mixture of dry roots from three plant-pairs harvested from three 
replicate field plots respectively. Each sample was cut into small segments (<1 cm in length), 
mixed together, and then stored into the cool room (4 ºC). Prior to chemical analysis, a part of 
the sample was taken by quartering, until sufficient quantity was obtained for testing, and then 
was grinded into fine powders. The sample collections are summarised in the Table 2.6 below. 
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Table 2.6 Samples and data collected from four field trials and their measurements in 
chemical analysis 
 
Sample ID code 1) 
Number of 
samples 
Sample source Sampling time Measurement 
V1 1-3, V2 1-3, V3 1-3, V4 
1-3, V5 1-3, V6 1-3, V7 1-3 
and V8 1-3 
24 
Variety comparison 
trial 
At 310 days after 
planting 
Quantitative analysis of 
marker compounds and 
chromatographic 
fingerprinting  
D90, D120, D160, D180, 
D250, D290, D310, D400, 
D460, D540, D580 and 
D650 
12 Harvesting time trial 
At 90, 120, 160, 
180, 250, 290, 310, 
400, 460, 540, 580, 
and 650 days after 
planting 
Quantitative analysis of 
marker compounds and 
chromatographic 
fingerprinting 
30 × 20 cm 1-3, 30 × 30 cm 
1-3, 30 × 40 cm 1-3, 45 × 
20 cm 1-3, 45 × 30 cm 1-3 
and 45 × 40 cm 1-3 
18 Plant density trial 
At 310 days after 
planting 
Quantitative analysis of 
marker compounds 
Blank control 1-3, H-N, H-P 
and L-K 1-3, H-N, L-P and 
H-K 1-3, L-N, H-P and H-K 
1-3, L-N, L-P and L-K 1-3 
15 Fertiliser trial 
At 310 days after 
planting 
Quantitative analysis of 
marker compounds 
1) V1 1-3: three replicate samples, i.e. V1-1, V1-2 and V1-3; D90: sampled at 90 days after planting; 30 × 20 cm 
1-3: three replicate samples, i.e. 30 × 20 cm 1, 30 × 20 cm 2 and 30 × 20 cm 3; Blank control 1-3: three replicate 
samples, i.e. Blank control 1, Blank control 2 and Blank control 3. 
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2.2.2 Instruments  
Three major instruments were applied for sample extraction, qualitative and quantitative 
chemical analysis, including the Accelerated Solvent Extractor 100 (ASE 100, Dionex, 
U.S.A.), the CAMAG TLC system (CAMAG, Switzerland) and the Shimadzu HPLC system 
(Shimadzu, Japan). 
 
2.2.2.1 Accelerate Solvent Extractor 100 (ASE 100) 
ASE is a trade name of pressurized liquid extraction (PLE) (see Chapter 1.3.1.1.2). Danshen 
samples were extracted using methanol and water at a programmed temperature and time 
duration (see Chapter 2.2.4.1). The components of the ASE 100 are indicated in the image as 
follows (Figure 2.6). 
 
                                    
Figure 2.6 Image of Accelerate Solvent Extractor 100 (ASE 100, Dionex, U.S.A.). 
Control Panel 
Oven 
Extraction Cell 
Collection Bottle Waste Bottle 
Solvent bottle 
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2.2.2.2 CAMAG TLC system 
The CAMAG TLC system is a thin layer chromatography system, including a LINOMAT 5 
for sample loading, a horizontal development chamber (e.g. 20 cm × 10 cm) for sample 
development and a CAMAG ReproStar 3 for data collection, evaluation and documentation 
with WinCATS software (Figure 2.7). A size of 20 × 10 cm TLC plates (EM Science, 
MERCK KgaA; Germany) with silica gel 60 F254 was used for the TLC analysis.  
 
 
Figure 2.7 Images of CAMAG TLC system (left: ReproStar 3 and right: LINOMAT 5-
080220). 
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2.2.2.3 Shimadzu HPLC system 
The Shimadzu Model SCL-10Avp HPLC system is an advance model of the high 
performance liquid chromatography equipment, consisted of follow components (Figure 2.8): 
 
    
     (1) SCL-10Avp system controller;  
                                                                                                          (2) SIL-10ADvp auto-injector;  
                                                                                                          (3) LC-10ATvp liquid chromatography;  
                                                                                                          (4) FCV-10ALvp flow line switching value;  
                                                                                                          (5)DGU-14A four-line membrane degasser; 
                                                                                                          (6) CTO-10Avp diode array detector; 
  
 
 
 
Figure 2.8 Image of Shimadzu Model SCL-10Avp HPLC system 
 
A reverse-phase C18 column (ODS II, 5 µm, 250 mm × 4.6 mm, Phenomenex, U.S.A.) with a 
suitable guard column of the same packing materials (C18 ODS, Octadecyl; Security Guard 
Cartridge System; 4 mm × 3.0 mm ID; Phenomenex U.S.A.) was used for the HPLC 
chromatographic analysis.  
 
2.2.3 Reagents and chemical 
Reagents used in this study were summarised in Table 2.7. 
(5) 
(2) (1) 
(3) (4) (6) (3) 
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Table 2.7 Reagents used and their applications in chemical analysis 
Reagents Grade & Supplier Applications 
Solvent for the extraction of lipid-soluble components  
HPLC grade, EMD Chemicals Inc., Germany 
Solvent for the developing of water-soluble components in TLC analysis Methanol 
Ajex Finechem, Australia Pre-washing for plate activation 
Solvent for the extraction of water-soluble components 
MillQ water Ultra-pure Water System, Millipore Corp., U.S.A. 
Composition of mobile phase for HPLC analysis 
Purification of aqueous extracts for HPLC analysis 
Acetonitrile HPLC grade, Honeywell International Inc., Burdick & Jackson, U.S.A. 
Composition of mobile phase for HPLC analysis 
Purification of aqueous extracts for TLC analysis 
Ethyl acetate Assay (> 99.0%) Ajex Finechem, Australia 
Solvent for the developing of lipid-soluble components in TLC analysis 
Acetic acid Assay (> 99.8%) Fluka, Germany Composition of mobile phase for HPLC analysis 
Petroleum ether Merck Pty Limited, Australia Solvent for the developing of lipid-soluble components in TLC analysis 
Ether Assay (> 99.7%) Merck Pty Limited, Australia Solvent for the developing of lipid-soluble components in TLC analysis 
Toluene Assay (> 99.9%) Sigma-Aldrich Laborchemikalien, Seelze, Germany Solvent for the developing of water-soluble components in TLC analysis 
Chloroform HPLC grade, Sigma-Aldrich, Inc., U.S.A. Solvent for the developing of water-soluble components in TLC analysis 
Formic acid Assay (89.0- 91.0%) BDH Laboratory Supplies, England Solvent for the developing of water-soluble components in TLC analysis 
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Meanwhile, the following standard references with a purity > 99.9%, cryptotanshinone 
(catalogue number: 0852-9601), tanshinone I (Cat No: 0867-200104), tanshinone IIA (Cat No: 
110766-200315), salvianolic acid B (Cat No: 111562-200302) and protocatechuic aldehyde 
(Cat No: 110810-200205), were purchased from the National Institute for the Control of 
Pharmaceutical and Biological Products in Beijing, China. All were stored at -20 ºC in the 
dark. 
 
2.2.4 Qualitative identification using TLC 
2.2.4.1 Herbal extraction and preparation 
One gram fine powder of each sample was extracted three times (i.e. three static cycles) with 
60 ml absolute methanol in an Accelerate Solvent Extractor (ASE 100, Dionex, U.S.A.) under 
the following conditions: a temperature of 100 °C; a pressure of approximate 1500 psi; a 
static time of 5 min; a flush volume of 60 %; and purge time of 100 sec. After filtration with 
Whatman No.1 paper filter, the extract was concentrated to approximately 20 ml by 
evaporating at 50 °C using a vacuum evaporation system; the volume was then toped up to 25 
ml with methanol using a volumetric flask. The sample solution was filtered with a 0.45 µm 
PTFE syringe filter (Alltech, Australia) then stored at -20 ºC for further analysis of lipid-
soluble components. Before the TLC application, the sample solution was sonicated for 15 
min. 
 
The aqueous extract was prepared in the same way with MillQ water as extraction agent using 
ASE 100. After centrifugation, the supernatant was adjusted to a pH 2 with 2 M HCl. The 
sample solution was then extracted with ethyl acetate three times (3 × 10 ml). The combined 
organic layer was purified using centrifugation, and concentrated to dryness with a vacuum 
evaporation system. The residue was dissolved into 2 ml of ethyl acetate and then stored at -
20 ºC for the analysis of water-soluble components (Hu et al., 2005b). After sonication for 15 
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min, the sample solution was used for the TLC application. 
 
2.2.4.2 Preparation of standard references 
The stock solutions of cryptotanshinone, tanshinone IIA salvianolic acid B and protocatechuic 
aldehyde were prepared by weighing each of 1.68 mg, 1.56 mg, 1.63 mg and 11.20 mg crystal, 
and dissolving into 1 ml methanol, and then diluted to a concentration of 100 µg/ml, 100 
µg/ml, 400 µg/ml and 1 mg/ml respectively. In the same way, the reference solution of 
tanshinone I was prepared by dissolving 1.41 mg tanshinone I into 10 ml methanol (141 
µg/ml) with sonication. All reference stock solutions were stored at -20 °C in the dark. 
 
2.2.4.3 Chromatographic conditions 
2.2.4.3.1 Preparation of TLC plate 
A size of 20 × 10 cm TLC plates with silica gel 60 F254 (E. Merck, Germany) was employed 
in the chromatographic development of lipid-soluble and water-soluble components. The 
plates were pre-washed with suitable volume of methanol, and then dried for 30 min at 105 ºC 
prior to use.  
 
2.2.4.3.2 Sample loading 
For sample loading, different volumes of the reagent blank, sample solutions and reference 
solutions were respectively applied on the TLC plates using a CAMAG TLC system (see 
Chapter 2.2.2.2). Cryptotanshinone, tanshinone I and tanshinone IIA were used as standard 
references in the identification of lipid-soluble components, and salvianolic acids B and 
protocatechuic aldehyde were selected as standard references in the identification of water-
soluble components. WinCATs software was used to define sample loading sequence and 
loading volumes, and LINOMAT5 was employed to perform sample loading.  
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2.2.4.3.3 Chromatographic conditions 
After the sample loading, the TLC plate was then developed in a size of 20 × 10 cm horizontal 
development chamber, which was equilibrated in advance with the mobile phase. For lipid-
soluble components, petroleum ether-ethyl acetate-ether (8:2:1.5, v/v) was used as the mobile 
solvent. For water-soluble components, toluene-chloroform-ethyl acetate-methanol-formic 
acid (2:3:4:0.5:2, v/v) was selected as the mobile solvent (The State Pharmacopoeia 
Commission of People's Republic of China, 2005).  
 
2.2.4.3.4 Documentation 
After the developing, the TLC plate was dried in the fume hoods under the room temperature, 
and imaged under UV light at the detection wavelength of 254 nm with CAMAG ReproStar 3. 
Softwares of VideoStore and VideoScan were subsequently used for data documentation. The 
unknown compounds were identified by comparing the Rf values of the developed bands in 
their chromatograms with those of marker compounds. 
 
2.2.5 Quantitative determination using HPLC 
2.2.5.1 Herbal extraction and preparation 
The procedure for herbal extraction and preparation of methanol extract is described in 
Chapter 2.2.4.1. Briefly, one gram fine powder of each sample was extracted with methanol 
using an Accelerated Solvent Extractor (ASE 100, Dionex, U.S.A.). The concentrated 
methanol extract was filtered with a 0.45 µm PTFE syringe filter (Alltech, Australia) and 
stored at -20ºC as the stock solutions. Prior to the HPLC loading, the stock sample solution 
was re-sonicated then diluted 20 times for HPLC injection. 
 
The aqueous extract was extracted in the same way (described in Chapter 2.2.4.1) using Milli-
Q water as extraction agent in an Accelerated Solvent Extractor (ASE 100, Dionex, U.S.A.).  
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The aqueous extract was filtered with a Whatman GF/A filter (47 mm dia) then topped up to 
100 ml volume with 35 ml HPLC grade acetonitrile (Honeywell International Inc., Burdick & 
Jackson, USA) and Milli-Q water. The sample solution was filtered using a 0.45 µm acetate 
syringe filter (Alltech, Australia) and used as the stock solution. Prior to the HPLC loading, 
the stock sample solution was re-sonicated and diluted 5 times with acetonitrile. This solution 
was then centrifuged at 6,200 r/min for 30 sec using Tomy capsulefuge (Tomy Tech, U.S.A.), 
and the supernatants were used for determining the content of salvianolic acid B. Both the 
stock solution and test solution were stored at -20 ºC. 
 
2.2.5.2 Preparation of standard references 
The reference crystals of cryptotanshinone, tanshinone IIA and salvianolic acid B were 
weighed 1.68 mg, 1.56 mg and 1.63 mg respectively and dissolved into 1 ml methanol, and 
then diluted to a concentration of 1 mg/ml, 100 µg/ml and 100 µg/ml as stock solutions 
respectively. In the same way, the reference solution of tanshinone I was prepared by 
dissolving 0.46 mg tanshinone I into 10 ml methanol (46 µg/ml) with sonication. All reference 
stock solutions were stored at -20 °C in the dark. 
 
2.2.5.3 Chromatographic conditions 
HPLC analysis was performed on a Shimadzu Model SCL-10Avp HPLC system (Shimadzu, 
Japan) equipped with a Shimadzu Model SPD-M10Avp photodiode array detector (Figure 
2.8). The separations of cryptotanshinone, tanshinone I and tanshinone IIA in methanol 
extract, and salvianolic acid B in aqueous extract were obtained with a RP C18 column (ODS 
II, 5 µm, 250 mm × 4.6 mm, Phenomenex, U.S.A). The HPLC chromatographic conditions 
were optimised as follows (Table 2.8). 
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Table 2.8 HPLC chromatographic conditions for quantitative determination of three 
tanshinone markers in methanol extract and salvianolic acid B in aqueous extract 
Chromatographic 
condition 
Methanol extract Aqueous extract 
Mobile phase 
Acetonitrile-water 
(65:35, v/v) 
0.01 min: acetonitrile-5% aqueous acetic acid (10:90, 
v/v); 
10 min: acetonitrile-5% aqueous acetic acid (35:65, v/v); 
20 min: acetonitrile-5% aqueous acetic acid (35:65, v/v); 
25 min: acetonitrile-5% aqueous acetic acid (10:90, v/v). 
Oven temperature 27 ºC 30 ºC 
Detection 
wavelength 
270 nm 281 nm 
Flow rate 1.0 ml/min 1.0 ml/min 
Injection volume 10 µl 20 µl 
 
2.2.5.4 Method validation 
2.2.5.4.1 Linearity 
Linear calibration equations were constructed by analysing a mixture methanol solution 
containing cryptotanshinone, tanshinone I, tanshinone IIA and a separate methanol solution 
containing salvianolic acid B at five concentration levels and plotting peak area against the 
concentration of each standard reference. The detection wavelength was 270 nm in the 
determination of cryptotanshinone, tanshinone I, tanshinone IIA and 281 nm in the 
determination of salvianolic acid B.  
 
2.2.5.4.2 Precision 
The precision of five continuous injections on the same day was evaluated with two reference 
solutions (a mixture methanol solution containing cryptotanshinone, tanshinone I and 
tanshinone IIA, and a separate methanol solution containing salvianolic acid B) and two 
sample solutions (methanol and aqueous extracts). All of the measurements of precisions were 
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expressed as relative standard deviations (RSDs). 
 
2.2.5.4.3 Stability 
The stability of injections was obtained at the room temperature within 48 hrs by performing 
five replicate injections of the above mentioned reference and sample solutions. All of the 
measurements of stabilities were expressed as RSDs. 
 
2.2.5.4.4 Repeatability 
Five replicates of the same herbal sample were analysed to evaluate the reproducibility of the 
quantitative analysis procedure. All of the measurements of repeatability were expressed as 
RSDs. 
 
2.2.5.4.5 Recovery 
Different weighed standard references were spiked to the same herbal sample of which the 
content of cryptotanshinone, tanshinone I, tanshinone IIA and salvianolic acid B had been 
determined before the addition of these four standard references. Cryptotanshinone, 
tanshinone I, tanshinone IIA and salvianolic acid B in the spiked samples were extracted, 
processed and determined in accordance with the established analysis procedure in three 
replicates respectively. The recovery of each standard reference was calculated with a mean 
and RSDs. 
 
2.2.6 Chromatographic fingerprinting using HPLC 
2.2.6.1 Herbal extraction and preparation 
The procedures for herbal extraction and preparation of methanol and aqueous extracts are 
described in Chapter 2.2.4.1. After being sonicated for 15 min, the stock solution of methanol 
extract was re-filtered with 0.45 µm PTFE syringe filter (Alltech, Australia) and directly used 
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for HPLC injection. The stock solution of aqueous extract was re-filtered using 0.45 µm 
acetate syringe filter (Alltech, Australia) and was diluted 2 times using acetonitrile for HPLC 
injection. 
 
2.2.6.2 Preparation of standard references 
The procedure for the preparation of the four standard references is described in Chapter 
2.2.5.2. All reference stock solutions were stored at -20 °C in the dark. 
 
2.2.6.3 Chromatographic conditions 
A Shimadzu Model SCL-10Avp HPLC system (Shimadzu, Japan) equipped with a Shimadzu 
Model SPD-M10Avp photodiode array detector was used to perform HPLC analysis (Figure 
2.8). The HPLC chromatographic fingerprinting of both methanol and aqueous extracts were 
obtained using a reverse phase C-18 column (ODS II, 5µm, 250 mm × 4.6 mm, Phenomenex, 
U.S.A.). 60 min was used for determination and 15 min was used for pre-equilibration. The 
optimised HPLC chromatographic conditions are summarised as follows (Table 2.9).  
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Table 2.9 HPLC chromatographic conditions for chromatographic fingerprinting of methanol 
and aqueous extracts 
Chromatographic 
condition Methanol extract Aqueous extract 
Mobile phase 
0.01 min: acetonitrile-water (40:60, v/v); 
30 min: acetonitrile-water (70:30, v/v); 
60 min: acetonitrile-water (85:15, v/v); 
65 min: acetonitrile-water (40:60, v/v). 
0.01 min: acetonitrile-1% aqueous acetic acid  
(5:95, v/v); 
10 min: acetonitrile-1% aqueous acetic acid  
(18:82, v/v); 
30 min: acetonitrile-1% aqueous acetic acid 
(28:72, v/v); 
50 min: acetonitrile-1% aqueous acetic acid 
(38:62, v/v); 
60 min: acetonitrile-1% aqueous acetic acid 
 (50:50, v/v); 
65 min: acetonitrile-1% aqueous acetic acid 
 (5:95, v/v). 
Oven 
temperature 27 ºC 30 ºC 
Detection 
wavelength 270 nm 281 nm 
Flow rate 1.0 ml/min 1.0 ml/min 
Injection 
volume 10 µl 20 µl 
 
2.2.6.4 Method validation 
2.2.6.4.1 Precision 
The intraday precisions of the qualitative and quantitative analysis methods were validated 
with the five continuous injections under the optimum chromatographic conditions. All 
measurements of precisions were focused on the calculation of the relative retention times in 
qualitative analysis, and peak areas as well as relative peak areas in quantitative analysis, and 
were expressed as RSDs. Peak 12 (i.e. cryptotanshinone) and peak 8 (i.e. salvianolic acid B) 
were used as the internal standards in the chromatograms of methanol and aqueous extracts 
respectively (see Chapter 3.3.1.2.1-2). 
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2.2.6.4.2 Stability 
The five replicate injections were conducted at the room temperature within 48 hrs for the 
methanol extracts and 12 hrs for the aqueous extracts based on their stabilities. All 
measurements of stabilities were focused on the calculation of the relative retention times in 
qualitative analysis, and peak areas as well as relative peak areas in quantitative analysis, and 
were expressed as RSDs.  
 
2.2.6.4.3 Repeatability 
Five replicates of two different herbal samples were analysed to evaluate the reproducibility 
of the chromatographic fingerprinting procedures for methanol and aqueous extracts 
respectively. The relative retention times, peak areas and relative peak areas were used to 
evaluate their deviations with RSDs. 
 
2.2.7 Analysis of chemical data 
2.2.7.1 Qualitative identification using TLC 
The chromatograms were imaged and analysed by WinCATs (CAMAG, Switzerland). The Rf 
values of the developed bands were recorded as mean ± SD. All of the measurements were 
expressed as RSD in three replicate TLC plates. 
 
2.2.7.2 Quantitative determination using HPLC  
Based on the linear regression of standard references, cryptotanshinone, tanshinone I, 
tanshinone IIA and salvianolic acid B, the linear correlations were established between the 
peak area and the corresponding known concentration. The content of the four marker 
compounds in each test sample was calculated from its peak area compared to the peak area 
of the standard references under the same chromatographic conditions. A standard deviation 
(SD) or its relative standard deviation (RSD) was used to evaluate the variation of replicate 
data in HPLC analysis. One-Way ANOVA was used to test whether there were any significant 
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differences (P < 0.05) between contents of cryptotanshinone, tanshinone I, tanshinone IIA and 
salvianolic acid B in different varieties, plant densities and fertiliser treatments. A Scatter/Dot 
graph was generated to evaluate linear correlation of contents of four marker compounds and 
their correlation coefficients were analysed by SPSS. 
 
2.2.7.3 Chromatographic fingerprinting using HPLC  
The HPLC chromatograms were documented by Class-vp 7.0 (Shimadzu, Japan). The 
retention time, relative retention time, peak area and relative peak area of each common peak 
were calculated from the chromatograms. A standard deviation (SD) or its relative standard 
deviation (RSD) was used to evaluate the variation of replicate data in HPLC analysis. One-
Way ANOVA was used to test whether there were any significant differences (P < 0.05) 
between peak areas of main common peaks in different Australian grown Danshen variety 
samples. A Scatter/Dot graph was generated to evaluate linear correlation of peak area of main 
common peaks and their correlation coefficients were analysed by SPSS. Hierarchical cluster 
analysis was employed to analyse similarities of chromatographic fingerprints in terms of 
relative peak areas by SPSS.  
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Chapter Three 
 
 Optimisation and Validation of HPLC Methods 
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3.1 Background 
The optimisation and validation of HPLC analysis method is crucial for any chemical analysis 
of bioactive/marker compounds and chromatographic fingerprinting in Chinese herbal 
medicine. Currently HPLC analysis is widely used in qualitative identification and 
quantitative analysis of chemical compounds especially marker compounds in Danshen raw 
materials and its preparations (An et al., 2004, Li et al., 2003d, Shi et al., 2005c).  
 
There were many previous studies on method optimisation of HPLC quantitative analysis of 
marker compounds. Methanol or acetonitrile and water was frequently used as mobile phases 
to separate these marker compounds in chromatograms of Danshen extracted solutions 
(Zhang et al., 2005c, Yang et al., 2004). Low concentrations of aqueous acetic acid (1% or 5%) 
or aqueous formic acid (0.4% or 1%) were often used to improve a separation of multiple 
marker compounds within a short time (Huang et al., 2005, Hu et al., 2005b).  
 
Moreover, many chromatographic fingerprints of Danshen raw materials have been developed 
using different optimised chromatographic conditions (Yang et al., 2003, Liu et al., 2002, Li et 
al., 2003d). The mobile phase of methanol or acetonitrile and water combining with low 
concentrations of aqueous acetic acid (1%) or aqueous phosphorus acid (0.026%) was often 
used in a gradient elution to obtain more separate peaks within 60 min (Liu et al., 2004b, 
Zhang et al., 2005d).  
 
Prior to chemical analysis, HPLC analysis method needs to be validated in terms of following 
items to verify its feasibility. 1) Calibration equation of marker compounds; 2) precision of 
reference solution and sample solution; 3) stability of reference solution and sample solution; 
4) repeatability of analysis procedure; and 5) recovery of marker compounds (An et al., 2005). 
In this study, the calibration equation of dihydrotanshinone I, cryptotanshinone, tanshinone I 
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and tanshinone IIA was established with a good linearity (r ≥ 0.9995). The precision and 
repeatability were validated with a RSD less than 1.5% and 2.0% for each marker compound 
respectively. The average recovery of each marker compound was between 97% and 99% 
with a RSD less than 1.2%. 
 
The precision, stability and reproducibility studies need to be validated prior to the analysis of 
chromatographic fingerprinting (Li et al., 2003d, Chinese State Food and Drug Adminstration, 
2000). Zhang et al. (2005) reported that the precision of common peaks in six continuous 
injections did not exceed 0.05% and 3.7% for retention times and peak areas respectively. The 
aqueous extract was also proved to be stable within 12 hrs, and the RSD of peak areas for 
each common peak was less than 6.3%.  
 
The Chinese SFDA requires that the relative retention time and relative peak area should both 
be used in method validation of chromatographic fingerprinting in Chinese medicinal 
injections (Chinese State Food and Drug Adminstration, 2000). Both of them were also 
standardised with a RSD less than 3% in the above guideline. Currently, many HPLC methods 
were validated with relative retention time and relative peak area (Liu et al., 2004b, Li et al., 
2006, Yang et al., 2003). In the study of Wang et al. (2003), the relative retention times of 
common peaks were validated with a RSD less than 3% in its precision, stability and 
repeatability studies. Similarly, the relative peak areas of those peaks, which had more than 
10% peak area percentages in total peak area, were validated with a RSD
 
less than 3% (Wang 
et al., 2003b).  
 
This study aimed to establish the optimal HPLC chromatographic conditions in quantitative 
determination of the four marker compounds and chromatographic fingerprinting. The 
optimised HPLC analysis methods were further validated prior to chemical analysis. 
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3.2 Materials and methods 
3.2.1 Herbal raw materials  
A batch of Danshen sample (sample ID code: D180) was used to optimise chromatographic 
conditions in quantitative determination of the four marker compounds. Two batches of 
Danshen samples (sample ID codes: HR4 and V4-1), were used to optimise chromatographic 
conditions in chromatographic fingerprinting of methanol and aqueous extracts respectively. 
The details of herbal raw materials are described in Chapter 2.2.1.1-2. 
 
3.2.2 Instruments 
Two major instruments were employed in this study, including Accelerate Solvent Extractor 
100 (ASE 100, Dionex, U.S.A.) and Shimadzu HPLC system (Schimadzu, Japan). The details 
of these two instruments are described in Chapter 2.2.2.1, 2.2.2.3. 
 
3.2.3 Reagents and chemicals 
The details of reagents and chemicals are described in Chapter 2.2.3.  
 
3.2.4 Quantitative determination using HPLC 
3.2.4.1 Herbal extraction and preparation 
The procedures for herbal extraction and preparation of methanol and aqueous extracts are 
described in Chapter 2.2.4.1. Briefly, one gram fine powder of each sample was extracted 
with methanol and water as extraction agents in an Accelerated Solvent Extractor (ASE 100, 
Dionex, U.S.A.). Prior to HPLC injection, the methanol extract was re-sonicated then diluted 
20 times with methanol for determining the content of cryptotanshinone, tanshinone I and 
tanshinone IIA, and the aqueous extract was re-sonicated then diluted 5 times with acetonitrile 
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for determining the content of salvianolic acid B.  
 
3.2.4.2 Preparation of standard references 
The preparation protocols of standard references are described in Chapter 2.2.5.2.  
 
3.2.4.3 Chromatographic conditions 
HPLC analysis was performed on a Shimadzu Model SCL-10Avp HPLC system (Shimadzu, 
Japan) equipped with a Shimadzu Model SPD-M10Avp photodiode array detector. The 
separations of cryptotanshinone, tanshinone I and tanshinone IIA in methanol extract, and 
salvianolic acid B in aqueous extract were obtained with a RP C18 column (ODS II, 5 µm, 250 
mm × 4.6 mm, Phenomenex, U.S.A.).  The details of chromatographic conditions are 
described in Chapter 2.2.5.3. 
 
3.2.4.4 Method validation 
Linear calibration equations were constructed at five concentration levels and plotting peak 
area against the concentration of each standard reference. The precision was evaluated on 
reference solutions and sample solutions in five continuous injections. The stability of 
injections was obtained at the room temperature within 48 hrs by performing five replicate 
injections of reference solutions and sample solutions. Five replicates of the same herbal 
sample were analysed to evaluate the reproducibility of the quantitative analysis procedure. 
Different weighed standard references were spiked to the same herbal sample of which the 
content of the four marker compounds had been determined before the addition of these four 
standard references, and then the spiked samples were extracted, processed and determined in 
accordance with the established analysis procedure in three replicates. 
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3.2.5 Chromatographic fingerprinting using HPLC 
3.2.5.1 Herbal extraction and preparation 
The methanol and aqueous extracts were prepared using the procedures described in Chapter 
2.2.4.1. The stock solution of methanol extracts were sonicated for 15 min, then filtered with 
0.45 µm PTFE syringe filter (Alltech, Australia) for direct HPLC injection. The stock solution 
of aqueous extract was filtered using 0.45 µm acetate syringe filter (Alltech, Australia) and 
diluted 2 times using acetonitrile for HPLC injection. 
 
3.2.5.2 Preparation of standard references 
The preparation of the four standard references is described in Chapter 2.2.5.2.  
 
3.2.5.3 Chromatographic conditions 
HPLC analysis was conducted using a Shimadzu Model SCL-10Avp HPLC system 
(Shimadzu, Japan) combined with a Shimadzu Model SPD-M10Avp photodiode array 
detector. A RP C
 18 column (ODS II, 5µm, 250 mm × 4.6 mm, Phenomenex, U.S.A) was used 
to determine HPLC chromatographic fingerprints of methanol and aqueous extracts. The 
details of chromatographic conditions are described in Chapter 2.2.6.3.  
 
3.2.5.4 Method validation 
The intraday precisions of the chromatographic fingerprints were validated with five 
continuous injections. The stability of five replicate injections was analysed at the room 
temperature within 48 hrs for methanol extract and 12 hrs for aqueous extract. The 
reproducibility of the chromatographic fingerprinting procedures for methanol and aqueous 
extracts was evaluated in five replicates of two different herbal samples respectively.  
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3.2.6 Data analysis 
A standard deviation (SD) or its relative standard deviation (RSD) was employed to evaluate 
the variation of replicate data collected in optimisation and validation of HPLC analysis 
method. The details of data analysis are described in Chapter 2.2.7.2-3. 
 
3.3 Results 
3.3.1 Optimisation of HPLC analysis method 
3.3.1.1 Quantitative determination of four marker compounds 
3.3.1.1.1 Three tanshinone markers 
The effectiveness of HPLC separation was evaluated using the methanol extract of the 
Danshen sample (sample ID code: D180) in a RP C
 18 column. Different compositions and 
ratios of mobile phase were tested using an isocratic elution method. The mobile phase of 
methanol and water with different ratios of 85: 15, 75: 25 and 72: 28 had a good separation of 
tanshinone IIA in developed chromatograms, but did not get a good separation of 
cryptotanshinone and tanshinone I, both of them had very close retention times (Table 3.1). 
Thereby, the mobile phase of acetonitrile and water was then tested with its different ratios in 
an isocratic elution. The best resolution of cryptotanshinone, tanshinone I and tanshinone IIA 
was obtained at the ratio of 65: 35 within 25 min. The retention times of cryptotanshinone, 
tanshinone I and tanshinone IIA were 13.666 ± 0.007, 14.674 ± 0.006 and 22.911 ± 0.008, 
respectively (Figure 3.1).  
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Table 3.1 Retention time of cryptotanshinone and tanshinone I in three different ratios of 
methanol and water 
Retention time (min) 
Ratio of methanol and water 
Cryptotanshinone Tanshinone I  
85: 15 7.768 8.056 
75: 25 16.696 17.020 
72: 28 22.148 22.840 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1 Chromatograms of methanol extract of Danshen sample (sample ID code: D180) 
and standard reference solutions using optimised mobile phase in an isocratic elution. 
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In addition, the detection of the methanol extract was tested at 254 nm, 270 nm and 281 nm of 
wavelength under the optimal chromatographic conditions. The best sensitivity for three 
marker compounds was obtained when the detection wavelength was 270 nm (Figure 3.2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2 Chromatograms of methanol extract of Danshen sample (sample ID code: D180) 
using optimised mobile phase in an isocratic elution at different detection wavelengths of 254 
nm, 270 nm and 281 nm. 
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3.3.1.1.2 Salvianolic acid B 
In order to obtain the best resolution of salvianolic acid B, a 10 min gradient elution, started 
from 10% to 35% of acetonitrile in the mobile phase of acetonitrile and 5% aqueous acetic 
acid, was conducted firstly, and then followed by an isocratic elution with a ratio of 35: 65 in 
the mobile phase of acetonitrile and 5% aqueous acetic acid. The good resolution of 
salvianolic acid B was obtained at a retention time of 16.387 ± 0.032 within 20 min (Figure 
3.3).  
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3 Chromatograms of aqueous extract of Danshen sample (sample ID code: D180) 
and standard reference solutions using optimised mobile phase combined with a gradient and 
an isocratic elution. 
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Moreover, the detection of the aqueous extract was tested at a wavelength of 270 nm, 281 nm 
and 286 nm under the above optimised chromatographic conditions. The wavelengths of both 
281 nm and 286 nm are more sensitive to salvianolic acid B than the wavelength of 270 nm 
due to larger peak areas determined using these two wavelengths. 281 nm was used in 
detecting of the chromatographic fingerprints of the aqueous extracts; this wavelength was 
also used as an optimum wavelength in determining the content of salvianolic acid B (Figure 
3.4). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4 Chromatograms of aqueous extract of Danshen sample (sample ID code: D180) 
using optimised mobile phase at different detection wavelengths of 270 nm, 281 nm and 286 
nm. 
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3.3.1.2 Chromatographic fingerprinting 
3.3.1.2.1 Chromatographic conditions for methanol extract 
A chromatographic condition was tested initially in the mobile phase of acetonitrile and water 
at an acetonitrile ratio started from 10% to 90% within 60 min, and then at different ratios of 
acetonitrile and water. The good resolution of 18 common peaks was obtained using a 
gradient elution method within 60 min on the basis of their retention times (see Table 2.9 in 
Chapter 2). Three peaks, 12, 13 and 15, were authenticated as cryptotanshinone, tanshinone I 
and tanshinone IIA using their standard references. Their retention times were 30.341 ± 0.007, 
31.829 ± 0.007 and 38.628 ± 0.008, respectively (Figure 3.5).  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5 Chromatograms of methanol extract of Danshen sample (sample ID code: HR4) 
and standard references solutions using optimised mobile phase in a gradient elution within 60 
min. 
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Furthermore, the chromatogram of the methanol extract of this sample was detected using 
photodiode array detector at a wavelength of 254 nm, 270 nm and 281 nm. The best 
chromatogram was developed when the detection wavelength was 270 nm (Figure 3.6). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6 Chromatograms of methanol extract for Danshen sample (sample ID code: HR4) 
using optimised mobile phase in a gradient elution within 60 min at different detection 
wavelengths of 254 nm, 270 nm and 281 nm. 
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3.3.1.2.2 Chromatographic conditions for aqueous extract 
The good resolution of ten peaks was obtained using a gradient elution mobile phase 
consisting of acetonitrile and 1% aqueous acetic acid within 60 min on the basis of their 
retention times (see Table 2.9 in Chapter 2). Two peaks, peak 1 and peak 8, were 
authenticated as protocatechuic aldehyde and salvianolic acid B using standard references 
respectively. The retention times of protocatechuic aldehyde and salvianolic acid B were 
14.255 ± 0.003 and 41.388 ± 0.096, respectively (Figure 3.7).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.7 Chromatograms of aqueous extract of Danshen sample (V4-1) and standard 
reference solution using optimised mobile phase in a gradient elution within 60 min. 
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In addition, the wavelengths of 270 nm, 281 nm and 286 nm were used in detecting of the 
chromatogram of the aqueous extract using photodiode array detector. The best resolution of 
these peaks was detected at the wavelength of 281 nm (Figure 3.8). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.8 Chromatograms of aqueous extract of Danshen sample (sample ID code: V4-1) 
using optimised mobile phase in a gradient elution within 60 min at different detection 
wavelengths of 270 nm, 281 nm and 286 nm. 
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3.3.2 Validation of HPLC analysis method 
3.3.2.1 Quantitative determination of four marker compounds  
3.3.2.1.1 Reference solutions  
The validation data of the four marker compounds in reference solutions are summarised in 
Table 3.2.   
 
Table 3.2 Validation of quantitative analysis of four marker compounds in reference solutions 
by HPLC 
Marker compound 
Calibration 
equation 
Correlation 
coefficient 
Determination 
range (µg) 
Precision  
(n = 5) 
(RSD, %) 
Stability 
 (n = 5) 
(RSD, %) 
Cryptotanshinone Y=46285X -3950.6 0.9991 0.0025-0.1 0.54 0.97 
Tanshinone I Y=34227X +805.48 0.9998 0.0025-0.05 0.67 1.33 
Tanshinone IIA Y=52458X -4554.9 0.9995 0.005-0.1 0.73 0.94 
Salvianolic acid B Y=11334X-13450 0.9994 0.01-2 0.61 0.75 
 
3.3.2.1.1.1 Linearity 
A good linear correlation between peak areas and concentrations were found for each marker 
compound in its determination range and the correlation coefficients were 0.9991, 0.9998, 
0.9995 and 0.9994 for the standard curves of the four marker compounds (Table 3.2). 
 
3.3.2.1.1.2 Precision 
The five continuous injections of two reference solutions, a mixture reference solution (2.5 
µg/ml) of cryptotanshinone, tanshinone I, tanshinone IIA and a separate reference solution (10 
µg/ml) of salvianolic acid B, produced consistent results. The RSD of the peak areas of 
cryptotanshinone, tanshinone I, tanshinone IIA and salvianolic acid B was 0.54%, 0.67%, 
0.73% and 0.61% respectively (Table 3.2). 
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3.3.2.1.1.3 Stability 
A mixture reference solution (2.5 µg/ml) of cryptotanshinone, tanshinone I, tanshinone IIA 
and a separate reference solution (10 µg/ml) of salvianolic acid B were found to have good 
stabilities at the room temperature within 48 hrs. The RSD for the peak areas of 
cryptotanshinone, tanshinone I, tanshinone IIA and salvianolic acid B was 0.97%, 1.33%, 
0.94% and 0.75%, respectively (Table 3.2). 
 
3.3.2.1.2 Sample solutions 
The validation data of the four marker compounds in the sample solution are summarised in 
Table 3.3.   
 
Table 3.3 Validation of quantitative analysis of the four marker compounds in the methanol 
and aqueous extracts by HPLC 
Recovery (n = 3) 
Marker compound 
Precision  
(n = 5) 
 (RSD, %) 
Stability  
(n = 5) 
(RSD, %) 
Repeatability  
(n = 5)   
(RSD, %) 
Mean (%) RSD (%)  
Cryptotanshinone 1.04 1.74 2.88 102.2 1.11 
Tanshinone I 1.61 2.53 5.22 105.1 1.91 
Tanshinone IIA 0.82 1.14 2.77 108.0 3.20 
Salvianolic acid B 1.04 1.74 2.69 107.8 4.41 
 
3.3.2.1.2.1 Precision 
The five continuous injections of the sample solution respectively for the methanol and 
aqueous extracts produced consistent results. The RSD in the determination of 
cryptotanshinone, tanshinone I, tanshinone IIA and salvianolic acid B was 1.04%, 1.61%, 
0.82% and 1.04% respectively (Table 3.3). 
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3.3.2.1.2.2 Stability 
The sample solutions of the methanol and aqueous extracts were demonstrated to be stable at 
the room temperature within 48 hrs. The RSD in the determination of cryptotanshinone, 
tanshinone I, tanshinone IIA and salvianolic acid B was 1.74%, 2.53%, 1.14% and 1.74% 
respectively (Table 3.3). 
 
3.3.2.1.2.3 Repeatability 
The RSD of the repeatability in the determination of cryptotanshinone, tanshinone I, 
tanshinone IIA and salvianolic acid B was 2.88%, 5.22%, 2.77% and 2.69% respectively 
(Table 3.3). 
 
3.3.2.1.2.4 Recovery 
The average recoveries were 102.2%, 105.1%, 108.0% and 107.8% in the determination of 
cryptotanshinone, tanshinone I, tanshinone IIA and salvianolic acid B respectively, and the 
RSD of recovery in three replicates were 1.11%, 1.91%, 3.20% and 4.41% respectively (Table 
3.3). 
 
3.3.2.2 Qualitative identification using chromatographic fingerprinting  
3.3.2.2.1 Methanol extract 
A total of 18 common peaks were determined at a wavelength of 270 nm in replicate 
chromatograms of HR4 Danshen sample as illustrated in Figure 3.5. Their relative retention 
times in replicate chromatograms of precision, stability and repeatability studies are 
summarised in Table 3.4. 
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Table 3.4 Validation of qualitative analysis of the 18 common peaks in methanol extracts 
using relative retention times by HPLC 
Peak ID 
Precision (n = 5) 
(RSD, %) 
Stability (n = 5)  
(RSD, %) 
Repeatability (n = 5) 
(RSD, %) 
Peak 1 0.07 0.07 0.30 
0.07 0.08 0.23 
Peak 2 
0.05 0.06 0.22 
Peak 3 0.04 0.07 0.20 
0.04 0.06 0.18 
Peak 4 
0.04 0.06 0.18 
Peak 5 0.03 0.05 0.16 
Peak 6 0.04 0.10 0.14 
Peak 7 0.01 0.03 0.10 
Peak 8 0.01 0.03 0.08 
Peak 9 0.02 0.04 0.08 
Peak 10 0.01 0.02 0.07 
Peak 11 0.01 0.02 0.04 
Peak 12 1) 0 0 0 
Peak 13  0.00 0.01 0.01 
0.01 0.01 0.03 
Peak 14 
0.00 0.01 0.04 
Peak 15 0.01 0.02 0.06 
Peak 16 0.01 0.02 0.06 
Peak 17 0.03 0.03 0.07 
Peak 18 0.02 0.03 0.07 
1) Peak 12 was used as internal standard and its RSD of relative retention times was 0.  
 
 
 
 
 149 
3.3.2.2.1.1 Precision  
The five continuous injections produced a consistent result for each of 18 common peaks. The 
RSD of the relative retention times of each common peak was found to be less than 1% (Table 
3.4). 
 
3.3.2.2.1.2 Stability 
The RSD of the relative retention times of each common peak in the five replicate injections 
within 48 hrs was less than 1% (Table 3.4). 
 
3.3.2.2.1.3 Repeatability 
The RSD of the relative retention times of each common peak in the five replicate analyses 
was less than 1% (Table 3.4). 
 
3.3.2.2.2 Aqueous extract 
A total of 10 common peaks were detected at a wavelength of 281 nm in replicate 
chromatograms of the aqueous extract of Danshen sample (i.e. V4-1) as illustrated in Figure 
3.7. Their relative retention times in replicate chromatograms of precision, stability and 
repeatability studies are summarised in Table 3.5.  
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Table 3.5 Validation of qualitative analysis of 10 common peaks in aqueous extracts using 
relative retention times by HPLC 
Peak ID 
Precision (n = 5)  
(RSD, %) 
Stability (n = 5) 
(RSD, %) 
Repeatability (n = 5) 
(RSD, %) 
Peak 1 0.22  0.21 0.25 
Peak 2 0.25  0.24 0.28 
Peak 3 0.17  0.16 0.20 
Peak 4 0.08  0.07 0.14 
Peak 5 0.14  0.15 0.19 
Peak 6 0.02  0.09 0.03 
Peak 7 0.05  0.05 0.09 
Peak 8 1) 0 0 0 
Peak 9 0.06 0.06 0.02 
Peak 10 0.19 0.24 0.23 
1) Peak 8 was used as internal standard and its RSD of relative retention times was 0.  
 
3.3.2.2.2.1 Precision  
The five continuous injections produced a consistent result for each of 10 common peaks. The 
RSD of the relative retention times of each common peak was found to be less than 1% (Table 
3.5). 
 
3.3.2.2.2.2 Stability  
The RSD of the relative retention times of each common peak in the five replicate injections 
with 12 hrs was less than 1% (Table 3.5). 
 
3.3.2.2.2.3 Repeatability  
The RSD of the relative retention times of each common peak in the five replicate analyses 
was less than 1% (Table 3.5). 
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3.3.2.3 Quantitative analysis using chromatographic fingerprinting  
3.3.2.3.1 Methanol extract 
The validation data of the quantitative analysis using chromatographic fingerprinting of the 
methanol extract are summarised in Table 3.6.  
 
Table 3.6 Validation of quantitative analysis of eight main common peaks in methanol extracts 
using peak areas and relative peak areas by HPLC 
Peak ID 
Precision (n = 5) 
(RSD, %) 1) 
Stability (n = 5) 
(RSD, %) 1) 
Repeatability (n = 5) 
(RSD, %) 1) 
Peak area % in 
total peak area 
Peak 7 0.40 (0.35 )  0.46 (0.47) 2.84 (0.58) 13.19 
Peak 8 3.35 (2.80) 3.26(2.67) 5.77 (3.55) 2.90 
Peak 10 4.35 (3.79) 4.22 (3.61) 6.55 (5.42) 1.92 
Peak 11 4.58 (3.99) 4.52 (3.93) 7.63 (5.37) 1.46 
Peak 12 2) 0.67 (0 )  0.87 (0) 3.00 (0)  15.53 
Peak 13 2.41 (1.80) 2.27 (1.58) 4.37 (1.89) 5.38 
Peak 14 3.64(3.01)  3.57 (2.84) 4.97 (2.87) 3.00 
Peak 15 0.37 (0.58) 0.49 (0.62) 2.65 (0.92) 42.47 
1) RSD was expressed as peak area (relative peak area);  
2) Peak 12 was used as internal standard and its RSD of relative peak areas was 0.  
 
3.3.2.3.1.1 Precision 
In the five continuous replicate injections, those peaks 7, 12, 13 and 15, which had peak area 
percentages exceeded 5%, were demonstrated to have a RSD less than 3% of their peak areas. 
The other peaks 8, 10, 11 and 14 were shown with a RSD beyond 3% but no more than 4.58%. 
In addition, peaks 7, 8, 13 and 15 had a RSD of less than 3% of their relative peak areas; and 
peaks 10, 11 and 14 were shown with a RSD beyond 3% but no more than 3.99% (Table 3.6).  
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3.3.2.3.1.2 Stability 
In the replicate injections of the sample solution within 48 hrs, the peaks 7, 12, 13 and 15, 
which had pear area percentages exceeded 5%, were found to have a RSD less than 3% of 
their peak areas. The other peaks 8, 10, 11 and 14 had a RSD beyond 3% but no more than 
4.52 %. Moreover, peaks 7, 8, 13, 14 and 15 were all demonstrated to have a RSD less than 
3% of their relative peak areas. The peak 10 and peak 11 had a RSD beyond 3% but no more 
than 3.93%. Thereby, these eight main common peaks were validated with a relatively good 
stability of their peak areas and relative peak areas in the sample solution within 48 hrs (Table 
3.6). 
 
3.3.2.3.1.3 Repeatability 
In the repeatability study, peaks 7, 12 and 15, which had peak area percentages exceeded 10%, 
were found to have a RSD no more than 3% of their peak areas. Peak 13 and peak 14 had a 
RSD of more than 3 % but less than 5%. Moreover, peaks 7, 13, 14 and 15 were found to have 
a RSD of less than 3% of their relative peak areas. The other peaks 8, 10 and 11 were 
demonstrated with a RSD of beyond 3%, but no more than 5.42% (Table 3.6).   
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3.3.2.3.2 Aqueous extract 
The validation data of the quantitative analysis of chromatographic fingerprinting of the 
aqueous extract are summarised in Table 3.7.  
 
Table 3.7 Validation of quantitative analysis of six main common peaks in aqueous extracts 
using peak areas and relative peak areas by HPLC 
Peak ID 
Precision  
(RSD, %) 1) 
Stability  
(RSD, %) 1) 
Repeatability  
(RSD, %) 1) 
Peak area % in 
total peak area 
Peak 2 5.65 (3.39)  5.52 (6.75) 5.96 (2.45) 1.02 
Peak 3 2.04 (1.00) 2.36 (1.55) 6.90 (3.44) 1.83 
Peak 4 3.63 (2.02) 5.13 (6.75) 5.22 (5.84) 1.96 
Peak 5 1.33 (0.67) 1.28 (2.17) 3.70 (5.06) 2.87 
Peak 7 13.08 (7.48) 7.97 (9.04) 3.86 (4.67) 3.78 
Peak 8 2) 0.52 (0)  1.76 (0)  3.99 (0) 85.22 
1) RSD was expressed as peak area (relative peak area);  
2) Peak 8 was used as internal standard and its RSD of relative peak areas was 0.  
 
3.3.2.3.2.1 Precision 
Peaks 3, 5 and 8 had a RSD less than 3% of their peak areas. In particular, peak 8, which was 
used as an internal standard, had a RSD of 0.52% of its peak area. With regard to the relative 
peak areas, peaks 3, 4 and 5 were found to have a RSD less than 3% (Table 3.7).  
 
3.3.2.3.2.2 Stability 
In the five replicate injections of the aqueous extract within 12 hrs, peaks 3, 5 and 8 had a 
RSD less than 3% of their peak areas. In particular, peak 8 had a RSD of 1.76%. In addition, 
these six main common peaks were also validated with their relative peak areas. Peak 3 and 
peak 5 were shown with a RSD of 1.55% and 2.17% in replicate chromatographic fingerprints 
(Table 3.7). 
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3.3.2.3.2.3 Repeatability 
In the five replicate analyses with separate extraction and determination, peaks 5, 7 and 8 had 
a RSD more than 3% but less than 5% of their peak areas. In particular, peak 8 had a RSD of 
3.99%. Moreover, peak 2 was shown with a RSD of 2.45% of its relative peak area. The other 
main common peaks were demonstrated to have a RSD beyond 3% but no more than 5.84% 
(Table 3.7).  
 
3.4 Discussion 
The aim of the method optimisation is to achieve an ideal separation of the four marker 
compounds in a short time and an efficient separation of different components in a given time 
under optimal chromatographic conditions. This will enable quantitative determination of 
marker compounds and chromatographic fingerprinting to be feasible.  
 
In Chinese pharmacopoeia, the mobile phase of methanol and water (75:25, v/v) was used to 
determine tanshinone IIA content (The State Pharmacopoeia Commission of People's 
Republic of China, 2005). In the current study, methanol and water with different ratios was 
found to be difficult to simultaneously separate cryptotanshinone, tanshinone I and tanshinone 
IIA whereas acetonitrile and water (65: 35, v/v) was proved as a optimal mobile phase to 
simultaneously separate cryptotanshinone, tanshinone I and tanshinone IIA within 25 min. 
Moreover, when multiple marker compounds were simultaneously separated and determined, 
strong elution solvents (e.g. acetonitrile) or solutions (e.g. low concentrations of aqueous 
acetic acid and aqueous phosphorus acid) need to be used as mobile phase to improve their 
separations; the gradient elution method was also used to get good separation of different 
components at different elution stages. For example, An et al. (2004) reported that a mobile 
phase of methanol (containing 1% acetic acid, v/v) and water (containing 1% acetic acid, v/v) 
was used in a gradient elution to simultaneously determine dihydrotanshinone I, 
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cryptotanshinone, tanshinone I and tanshinone IIA. 
 
The mobile phase of methanol, acetonitrile, formic acid and water (30: 10: 1: 59, v/v) was 
used to determine salvianolic acid B content in Chinese pharmacopoeia (The State 
Pharmacopoeia Commission of People's Republic of China, 2005). In the study by Hu et al. 
(2005), the mobile phase of acetonitrile, water and formic acid (78: 22: 0.4, v/v) was used to 
determine the content of salvianolic acid B and caffeic acid. In addition, a gradient elution 
method was optimised with a mobile phase of methanol and 5% aqueous acetic acid to 
simultaneously determine the content of salvianolic acid B, danshensu and protocatechuic 
aldehyde (You and Chen, 2003). In this study, acetonitrile and 5% aqueous acetic acid was 
used to improve the separation of salvianolic acid B within 20 min. A 10 min gradient elution 
starting from 10% to 35% concentration of acetonitrile was used to elute the other 
components firstly, and then followed a good separation of salvianolic acid B. This method 
was proved to be feasible with good performances to quantitatively determine salvianolic acid 
B in Australian grown Danshen samples. 
 
Moreover, different marker compounds have various sensitivities to different detection 
wavelengths. A wavelength of 270 nm was used to determine tanshinone IIA content in 
Chinese Pharmacopoeia (The State Pharmacopoeia Commission of People's Republic of 
China, 2005). Also, the wavelength of 280 nm and 254 nm was selected as an optimal 
wavelength in the simultaneous determination of dihydrotanshinone I, cryptotanshinone, 
tanshinone I and tanshinone IIA, respectively in the studies of An et al. (2004) and Zhang et al. 
(2005). In the present study, cryptotanshinone, tanshinone I and tanshinone IIA was found to 
have a highest sensitivity at a wavelength of 270 nm, 254 nm and 270 nm respectively. 
Therefore, the wavelength of 270 nm was selected to simultaneously determine the content of 
cryptotanshinone, tanshinone I and tanshinone IIA. 
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With regard to the detection wavelength of water-soluble components, the wavelength of 286 
nm was used as a detection wavelength to determine salvianolic acid B content in Chinese 
Pharmacopoeia (The State Pharmacopoeia Commission of People's Republic of China, 2005). 
Zhang et al. (2001) reported the wavelength of 281nm was an optimal detection wavelength 
for salvianolic acid B due to its high sensitivity to salvianolic acid B. It was also used to 
simultaneously determine the content of salvianolic acid B, danshensu and protocatechuic 
aldehyde in the study of You et al. (2003). This result was also confirmed in this study. 
 
There were many chromatographic fingerprints of alcohol and aqueous extracts reported in 
previous studies. Generally, methanol or acetonitrile was used as a basic component of mobile 
phase and low concentration of aqueous phosphorus acid or aqueous acetic acid were usually 
used as a component of the mobile phase to improve its separation ability (Li et al., 2006, Liu 
et al., 2002).  
 
In the study of Zhang et al. (2005), the mobile phase of acetonitrile and water was used to 
develop the chromatographic fingerprinting of methanol extract of Danshen with a gradient 
elution method. Also, the mobile phase of acetonitrile combining with phosphorus acid had a 
good performance to develop chromatographic fingerprints in a gradient elution because of 
strong elution ability of phosphorus acid (Li et al., 2006). In this study, the mobile phase of 
acetonitrile and water was optimised to separate lipid-soluble components in methanol extract 
using a gradient elution method. The initial ratio of acetonitrile in the mobile phase was 40%. 
This method was similar to that developed by Zhang et al. (2005).  
 
For developing chromatographic fingerprinting of water-soluble components, a separation 
method was established with a gradient elution of acetonitrile and 0.026% aqueous 
phosphorus acid as a mobile phase (Zhang et al., 2005d). Liu et al. (2002) reported the 
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optimal chromatographic fingerprinting was obtained with a mobile phase of methanol 
(containing 1% acetic acid) and 1% aqueous acetic acid in a gradient elution. In the present 
study, 1% aqueous acetic acid was used as a component of the mobile phase to improve its 
elution ability. The ratio of acetonitrile in the mobile phase was 5% at the beginning, and then 
the ratios of acetonitrile were regulated at different elution stages to improve the separation of 
water-soluble components. This resulted in a better separation compared with the previous 
studies (Zhang et al., 2005d, Liu et al., 2002). 
 
In most of previous studies, the calibrations of marker compounds were set up by the 
injections of different volumes of reference solutions at a same concentration. The calibration 
equations of cryptotanshinone, tanshinone I, tanshinone IIA and salvianolic acid B were all 
demonstrated with a good linearity (r >0.999). The standard solutions of above three 
tanshinone markers and salvianolic acid B had a good precision with a RSD less than 3%. 
This indicated that the continuous injections had a good consistency. The standard solutions 
also had a good stability within 48 hrs (An et al., 2004, You et al., 2004). In this study, the 
calibration equation of cryptotanshinone, tanshinone I, tanshinone IIA and salvianolic acid B 
were set up by injections of their different concentrations at a same volume. Same results 
were obtained in linearity, precision and stability studies of three tanshinone markers and 
salvianolic acid B in comparison with those results achieved in previous studies. This 
indicates that the optimised method is feasible to be used to quantitatively determine above 
four marker compounds in Australian grown Danshen. 
 
Moreover, in the present study, the sample solutions were validated with similar results in 
precision, stability, repeatability and recovery studies of three tanshinone markers and 
salvianolic acid B in comparison with those in previous studies, e.g. RSD < 3% and recovery 
range of 95-105% (An et al., 2005, Zhang et al., 2005c). 
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In previous studies on qualitative identifications of lipid-soluble and water-soluble 
components using chromatographic fingerprinting, relative retention times of common peaks 
were reported to be consistent in precision, stability and repeatability studies (Li et al., 2003d, 
Yang et al., 2003). For example, Li et al. (2006) reported the RSD of relative retention times 
for each common peak of methanol extract was less than 0.09%, 0.70% and 0.40% in 
precision, stability and rpeatability studies. This RSD was much less than the standard defined 
by the Chinese SFDA (Chinese State Food and Drug Adminstration, 2000). Similar results 
were also achieved in this study. This indicates that there are relatively stable localities of 
each common peak in chromatograms of methanol and aqueous extracts of Danshen samples. 
Thus the relative retention times of common peaks could be used to identify different sources 
of Danshen.  
 
With regard to the validation of quantitative analysis method using chromatographic 
fingerprinting, the Chinese SFDA formulated a guideline on RSD of relative peak areas (less 
than 3%) in precision, stability and repeatability studies (Chinese State Food and Drug 
Adminstration, 2000). However, it was demonstrated to be difficult to follow this guideline 
for all detected main common peaks (Liu et al., 2002, Xie, 2005). In the present study, the 
peaks, which had peak area percentages exceeded 5% both in chromatograms of methanol and 
aqueous extracts, were found to be able to follow this guideline.  
 
In chromatographic fingerprints of methanol extracts, only those peaks, their peak areas were 
more than 10% in total peak area, had less than 3% RSD of their relative peak areas in 
precision, stability and repeatability studies (Wang et al., 2003b). In this study, peak 7 
(unknown compound), peak 12 (cryptotanshinone), peak 13 (tanshinone I) and peak 15 
(tanshinone IIA) had peak area percentages  more than 5% in total peak area and were found 
to have less than 3% RSD of their relative peak areas. The other peaks had a RSD more than 
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3% but less than 5.5% of their relative peak areas due to less than 5% peak area percentages. 
In addition, similar results were achieved in the method validation with peak areas of main 
peaks in comparison with those with relative peak areas. It indicates that the peak areas of 
main peaks, especially the internal standard (i.e. peak 12), were consistent in precision, 
stability and repeatability studies. 
 
In chromatograms of aqueous extracts, previous studies found that the RSD of relative peak 
areas in main common peaks were less than 5% in precision and repeatability studies, and  a 
less than 5% RSD in the stability study within 12 hrs (Liu et al., 2002). In the current study, 
peak 8 (i.e. salvianolic acid B) was found to have more than 85% peak area percentage in total 
peak area which may be due to less degradation of salvianolic acid B in the extraction 
procedure compared to that using a heating reflux extraction (Song et al., 2005a). Its peak 
area was validated with a RSD of 0.52%, 1.76% and 3.99% in precision, stability and 
repeatability studies respectively. In addition, the peak area percentages of the other peaks 
were all less than 5%. Therefore, the finding confirmed that it is difficult to validate all main 
common peaks with a RSD less than 3% of their peak areas and relative peak areas. 
Nevertheless, the peak area of salvianolic acid B seems to be sufficient in the quantitative 
analysis of chromatographic fingerprinting of Danshen aqueous extracts.  
 
In conclusion, the chromatographic conditions in the quantitative determination had good 
separations and high sensitivity for three tanshinone markers and salvianolic acid B. The 
gradient elution methods can separate eighteen and ten common peaks in chromatograms of 
methanol and aqueous extracts respectively. The quantitative determination method was 
validated with good performances in linear calibration, precision injection, repeatability 
analysis and recovery of three tanshinone markers and salvianolic acid B. Relative retention 
times of common peaks was proved to be consistent with stable relative localities in 
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chromatograms of methanol and aqueous extracts, and can be employed for identifying 
different sources of Danshen batches. The peak areas and relative peak areas of eight main 
peaks in chromatogram of methanol extract had good performance in precision, stability and 
repeatability studies and these eight main peaks can be used in the quantitative analysis of 
chromatographic fingerprinting of methanol extract. Peak area of salvianolic acid B was 
demonstrated to be sufficient in the quantitative analysis of chromatographic fingerprinting of 
Danshen aqueous extract. These optimised and validated methods will be used in subsequent 
chemical analysis of different Australian grown Danshen samples in Chapter 5 to 8. 
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Chapter Four  
 
Climatic and Soil Conditions 
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4.1 Background 
Climatic and soil conditions are important environmental factors, which influence Danshen 
growth, even the contents of bioactive ingredients. The selection of optimal climatic and soil 
conditions is a crucial for Danshen production. For example, the understanding of local soil 
nutrients is useful for fertilisation.  
 
In China, Danshen seeds may germinate at the soil temperature of 15-25 °C; the rhizomes 
may sprout in spring when the soil temperature is over 10 °C; aerial parts grows rapidly at the 
air temperature of 20-26 °C; and it enters dormancy when the air temperature is below 10 °C. 
Thus, the requirements for air and soil temperature for the plant are dependent on its growth 
stages. 
 
Generally, Danshen prefers a moderately humid environment, but its resistance to flooding 
and water logging is poor. Moreover, excessively dry weather and soil conditions are not 
suitable for the growth of Danshen, especially at the sprouting stage in spring and root rapid 
growth stage in autumn (Jiang and Wei, 2004). 
 
Danshen plants have a good adaptability to various types of soils. The main properties of soils 
in different Danshen production areas in China are sandy loam and clay loam, and their pH 
values are in a range of 6.0-8.7. A low content of total nitrogen and rapidly available 
phosphorus were usually found in these soils (Zhao et al., 2004).  
 
The city of the Whittlesea in the state of Victoria lays within southern hemisphere where the 
seasons are reversed to those in China. Average minimum temperatures in the winter months 
of June through to August are 6-7 ºC. The summer season is from December through to 
February. There are few rainfalls in the Whittlesea area but most of them are in autumn and 
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winter (Daily weather Observations of Australian Government Bureau of Meteorology). 
These climatic conditions are different from those of Danshen primary production areas in 
China (Jiang and Wei, 2004). Whether this area is suitable for Danshen growth is not known. 
In this Chapter, the climatic and soil conditions on the cultivation site at NMIT, Whittlesea 
were investigated. 
 
4.2 Methods 
4.2.1 Analysis of climatic conditions 
The climatic data, including minimum and maximum monthly average temperature, monthly 
total rainfall, monthly total evaporation and monthly total sunshine from July 2004 to 
December 2006, were obtained from Daily weather Observations of Australian Government 
Bureau of Meteorology at Bundoora observation station (Latrobe University, station 086351).  
 
4.2.2 Analysis of soil conditions 
Two soil samples, 20-40 cm top soil layer at five separate points for each site, were collected 
at two cultivation sites and mixed for analysis of its chemical properties. The samples were 
sent to Sage Horticultural (Cheltenham, Victoria) for analysis. 
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4.3 Results 
4.3.1 Climatic conditions 
4.3.1.1 Monthly average temperature 
During the trial period, January had highest monthly average temperature with 20.7 °C and 
21.7 °C respectively in 2005 and 2006; July and June has lowest monthly average 
temperatures with 10.4 °C and 8.6 °C in 2005 and 2006 respectively (Figure 4.1). Moreover, 
the annually average temperature was 15.5 °C (minimum of 10.0 °C to maximum of 21.0 °C) 
in 2005 and 14.8 °C (minimum of 9.3 °C to maximum of 20.3 °C) in 2006.  
 
 
 
 
 
 
 
 
 
Figure 4.1 Monthly average temperatures (°C) at cultivation sites in 2005 and 2006. 
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4.3.1.2 Monthly total rainfall 
There were different total rainfalls of 614.1 mm and 448.7 mm respectively in 2005 and 2006. 
In 2005, the rainfalls had three stages. The first stage was in February and 153.6 mm rainfalls 
were observed, particularly in early February. The second stage was in June and a total of 46.1 
mm rainfalls were observed. The third stage continued from August to December with 
monthly average of more than 50 mm rainfalls. Autumn had fewer rainfalls, especially in 
March and May, with 10.9 mm and 13.0 mm respectively (Figure 4.2). In 2006, it had more 
rainfalls (≥ 50 mm) in summer, particularly in January and February. This situation also 
appeared in the mid and later autumn. Moreover, sufficient rainfalls were found in July and 
August (Figure 4.2). 
 
 
 
 
 
 
 
 
 
Figure 4.2 Monthly total rainfall (mm) at cultivation sites in 2005 and 2006. 
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4.3.1.3 Monthly total evaporation 
The total evaporations of 1199.4 mm and 1327.3 mm were observed in 2005 and 2006 
respectively. January and December were the two months with higher total evaporations, 
177.2 mm and 191.1 mm in 2005, and 197.9 mm and 198.9 mm in 2006. Low total 
evaporation was found from May to August in both 2005 and 2006 (Figure 4.3).  
 
 
 
 
 
 
 
 
Figure 4.3 Monthly total evaporation (mm) at cultivation sites in 2005 and 2006. 
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4.3.1.4 Monthly total sunshine 
There were total sunshine of 2259.3 hrs and 2199.2 hrs in 2005 and 2006 respectively. In 
2005, January and December had more sunshine, 248.3 hrs and 255.8 hrs respectively. In 
contrast, June and July had less sunshine, 122.6 hrs and 127.6 hrs respectively. In 2006, 
March and October had more sunshine, 241.0 hrs and 297.0 hrs respectively. In contrast, June 
and July had less sunshine, 96.5 hrs and 113.0 hrs respectively (Figure 4.4). 
 
 
 
 
 
 
 
 
 
Figure 4.4 Monthly total sunshine (hrs) at cultivation sites in 2005 and 2006. 
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4.3.2 Soil conditions 
4.3.2.1 Basic chemical properties 
On two cultivation sites at the NMIT, the soils were slightly alkaline and had a high content of 
organic matter. These soils had higher levels of phosphorus, potassium, calcium and 
magnesium in comparison with the desired levels (Table 4.1).  
 
Table 4.1 Chemical properties of soils from two cultivation sites at NMIT  
Available nutrients (ppm) Cultivatio
n site 
pH 
Organic 
matter (%) Nitrogen Phosphorus Potassium Calcium Magnesium Sodium 
Site 1 1) 7.64 7.14 28.5 235 658 5114 1189 121 
Site 2 2) 7.52 8.00 34.2 417 1014 4920 1062 78 
Desired 
levels 3) 
6.5-7.5 n/a 20-25 40-80 200-250 > 1500 100 < 175 
1) Site 1 was used for fertiliser trial; 2) Site 2 was used for variety comparison trial; 3) The desired level is a 
general level in the Whittlesea area. 
 
4.3.2.2 Trace elements  
The soils had higher contents of iron, zinc and boron but lower content of manganese in 
comparison with the desired levels (Table 4.2).  
 
Table 4.2 Trace elements of soils from two cultivation sites at NMIT 
Trace elements (ppm) 
Cultivation site 
Iron Manganese Zinc Copper Boron 
Site 1 1) 97.8 5.0 15.2 2.4 1.55 
Site 2 2) 107 14.5 19.7 2.9 1.55 
Desired levels 3) > 20 > 20 5-7 1-2 0.6-0.8 
1) Site 1 was used for fertiliser trial; 2) Site 2 was used for variety comparison trial; 3) The desired level is a 
general level in the Whittlesea area. 
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4.4 Discussion  
Compared to traditional Danshen production areas in China, the temperature conditions at the 
Australian cultivation sites seemed to be sufficient to ensure Danshen plants grow well (Jiang 
and Wei, 2004, Shu et al., 2004). There were minimum 10.4 ºC and 8.6 ºC monthly average 
temperatures in 2005 and 2006 respectively. However, differences in minimum monthly 
average temperature indicate that Danshen may have a different length of growth period in 
Australia. In addition, the relatively higher minimum monthly average temperature in 2005 
than in 2006 suggested that Danshen would likely to grow longer. This is supported by the 
data in Chapter 6 showing Danshen did not enter dormancy in 2005 but did so in 2006. 
 
In comparison to a traditional Danshen production area of Shangluo district in Shanxi 
province of China, the Australian Danshen cultivation sites had less annual rainfalls (448.7-
614.1 mm vs. 700-900 mm) (Jiang and Wei, 2004). As a result, irrigation need be performed 
complementally in supply of more water for the growth of Danshen plants in summer due to 
more water evaporations. Moreover, more rainfalls were observed at two crucial stages of 
rapid growth of aerial parts and rapid expansion of roots, which might help the plant growth. 
 
Two cultivation sites at NMIT had higher content of organic matter (7.14-8.00% vs. 0.80-
2.05%) compared to traditional Danshen production areas in China. However, this chemical 
property showed lower content of nitrogen (28.5-34.2ppm vs. 390-1110ppm) but higher 
contents of rapid available phosphorus and potassium (235-417ppm vs. 6.1-32.9ppm and 658-
1014ppm vs. 109.9-259.8ppm respectively.) (Zhao et al., 2004). In local Danshen production, 
more nitrogen and phosphorus need to be applied. This is supported by the data in Chapter 8 
showing the effect of nitrogen on the root growth was not obvious in the second year but high 
levels phosphorus fertiliser increased the weight of roots significantly than low levels 
phosphorus fertiliser. 
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Chapter Five 
 
Comparison of Eight Danshen Varieties for Vegetative 
Growth, Contents of Four Marker Compounds and Herbal 
Chromatographic Fingerprinting 
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5.1 Background 
The germplasm resources for Danshen in China have been the subject of several previous 
studies (Table 5.1). A number of species in the genus Salvia are employed in Chinese herbal 
medicine, for example S. przewalskii and S. yunnanensis but “Danshen” specifically refers to 
the root product from the species Salvia miltiorrhiza.  S. miltiorrhiza itself has a number of 
forms (e.g. Salvia miltiorrhiza f. alba ) and regional cultivars, which are named after the 
regions in which they are commercially produced (Guo et al., 2002), for example Henan 
Danshen is the main type of Danshen produced in Henan province. These species, forms and 
regional cultivars represent main germplasm resources for Danshen with different chemical 
properties, and some of them have been employed in commercial herbal medicines for 
decades and have attained good reputations in the herbal market due to their excellent herbal 
quality, for example Chuan Danshen (Jian et al., 1989, Zhang et al., 2002b, Jiang and Ren, 
2001).  
Table 5.1 Danshen germplasm resources and their chemical properties 
Germplasm resource Chemical property 1) Reference 
S. przewalskii; S. przewalskii 
var. mandalinorum and S. 
yunnanensis. 
High content of total tanshinones (Jian et al., 1989) Species in 
the genus of 
Salvia S. bowleyana and S. paramiltiorrhiza f. 
purpureorubra. 
High content of total phenolics (Jian et al., 1989) 
Form of 
Salvia 
miltiorrhiza 
S. miltiorrhiza f. alba High content of cryptotanshinone (Guo et al., 2002) 
Henan Danshen and Shanxi 
Danshen High content of tanshinone IIA (Lin et al., 2002) 
Liaoning Danshen High content of cryptotanshinone (Li et al., 2000a) 
Yunnan Danshen High content of salvianolic acid B (You and Chen, 2003) 
Regional 
cultivars of 
Salvia 
miltiorrhiza 
Chuan Danshen and Shandong 
Danshen 
High content of tanshinone IIA and 
salvianolic acid B 
(Lin et al., 2002, 
You and Chen, 
2003) 
Tetraploid strain of Salvia miltiorrhiza (61-2-
22) 2) 
High content of total tanshinones 
and cryptotanshinone (Gao et al., 1992) 
1) Tanshinones and phenolics are two kinds of chemical ingredients in roots of Salvia miltiorrhiza. The major 
ingredients in tanshinones are tanshinone IIA, cryptotanshinone, tanshinone I and in phenolics are salvianolic 
acid B, danshensu, protocatechuic aldehyde; 2) tetraploid strain was developed from S. miltiorrhiza using tissue 
culture technique. 
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Certain regions of China, for example, Bozhou city in Anhui province, are famous for 
producing high-grade Danshen. There has been research into growing Danshen regional 
varieties in other areas.  For example, the germplasms of Danshen from Zhongjiang county of 
Sichuan province and Bozhou city of Anhui province, were selected as the optimal varieties 
for production in Yutai county, Jiangsu province since they produced high content of total 
tanshinones, 2.013% (w/w) and 2.001% (w/w) respectively after one year cultivation (Wang 
et al., 2003a). A wide selection of Danshen varieties from Shandong and Hebei provinces, 
were cultivated in Shijiazhuang 石家庄, Hebei province. A variety with a short stem was 
selected as the optimal germplasm for local production since it had the largest root growth in 
terms of root length (23 cm), root diameter (1.0 cm), number of roots per plant (22) and 
weight of roots per plant (255 g) (Tien et al., 2004). However, there is no study on comparison 
of multiple bioactive compounds in different Danshen varieties grown on the same site. 
 
Given the importance of variety selection for the future cultivation of Danshen in Australia, 
the aim of this study was to select the optimum Danshen varieties for production in Victoria, 
Australia. These varieties should have high root yield and acceptable contents of bioactive 
ingredients when grown under local climatic and soil conditions. 
 
5.2 Materials and methods 
5.2.1 Field trial 
5.2.1.1 Site selection  
The variety comparison trial was conducted on the cultivation site at NMIT, Whittlesea, 
Victoria, Australia.  
 
 
 
 173 
5.2.1.2 Source of Danshen seeds  
Eight batches of Danshen seeds were used (see Table 2.1), including three batches collected 
from two counties of Linqu (seed ID codes: S1 and S3) and Pingyi (S2) in Shandong province; 
Two batches collected from two districts of Shangluo (S4) and Hanzhong (S5) in Shanxi 
province; The remaining three batches were collected from Fangcheng county (S6) in Henan 
province, Anguo city (S7) in Hebei province and Panan county (S8) in Zhejiang province. S8 
is technically not Danshen and is identified as Salvia sinica. 
 
5.2.1.3 Propagation of Danshen seedlings 
Danshen seedlings were propagated by seeds in greenhouses at NMIT. The method of 
propagation of Danshen seedlings are described in Chapter 2.1.3. 
 
5.2.1.4 Field trial design and maintenance 
A two-year variety comparison trial was conducted on the cultivation site at NMIT in October 
2004. The experiment was laid out as a completely randomised design with three replicates, 
giving a total of 24 field plots each with a size of 2 m × 1.3 m (length × width). Seedlings 
propagated from the eight batches of Danshen seeds, were transplanted into the 24 
corresponding field plots with 25 pairs of Danshen plants for each field plot. The eight 
batches of Danshen seedlings were identified based on the seed ID codes with number (i.e. 1, 
2, and 3 to 8) as follows: V1, V2, V3, V4, V5, V6, V7 and V8, and these codes were also used 
to identify the corresponding Danshen varieties in the field trial in Australia. The field plots 
were monitored and maintained in terms of weed management, fertilisation and irrigation, 
which are described in Chapter 2.1.5.  
 
5.2.1.5 Harvesting and field data collection 
The harvesting was conducted twice, at 310 days (in early September 2005) and 650 days (in 
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the mid of August 2006) after planting. Four plant-pairs were harvested per field plot and each 
plant-pair were harvested from a punnet (i.e. planting hole in field plot). Together 12 plant-
pairs were randomly harvested for each variety. Growth parameters, including plant height, 
number of side branches, weight of fresh aerial parts, and number of roots (diameter≥ 6 mm), 
maximum root length, maximum root diameter and weight of fresh roots were immediately 
measured and recorded after harvesting. After data collection, the fresh roots, harvested at 310 
days, were air dried according to different field plots for subsequent chemical analysis.  
 
5.2.1.6 Analysis of field data 
Standard error (SE) was used to evaluate the variation of growth parameters in each of growth 
features for 12 replicate plant-pairs collected from each of the eight varieties. Data analysis 
was conducted using SPSS. The growth parameters were analysed by a Two-Way ANOVA to 
test whether there were any significant differences (P < 0.05) between the eight varieties and 
also the replicates. A variety × replicate term was also generated to reveal any significant 
interaction between the variety and replicate. A Scatter/Dot graph was generated to evaluate 
linear correlations between maximum root diameter or number of roots and weight of fresh 
roots. Their correlation coefficients were analysed by SPSS. The details of analysis of field 
data are described in Chapter 2.1.7. 
 
5.2.2 Chemical analysis 
5.2.2.1 Herbal raw materials 
Twenty-four batches of Danshen samples were collected from 24 field plots with three 
replicate samples for each of the eight varieties at NMIT. These samples were identified using 
following ID codes: V1 1-3, V2 1-3, V3 1-3, V4 1-3, V5 1-3, V6 1-3, V7 1-3 and V8 1-3. V1 
was a variety ID code and 1-3 represented three replicate samples respectively, which were 
collected from three replicate field plots for each variety.  Meanwhile, seven batches of 
Chinese grown Danshen root samples were collected from Danshen primary production areas 
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where the Danshen seeds were collected so that for each variety there was both a seed and a 
root sample from China. These root samples were identified using following ID codes: HR1 
(i.e. herbal reference No. 1), HR2, HR3, HR4, HR5, HR6 and HR8 (without HR7), and used 
as herbal reference samples in quantitative determination of Australian grown Danshen. 
 
5.2.2.2 Instruments 
Two main instruments were employed in this study: Accelerated Solvent Extractor 100 (ASE 
100, Dionex, U.S.A.) and Shimadzu HPLC system (Shimadzu, Japan). The details of these 
instruments are described in Chapter 2.2.2.1, 2.2.2.3. 
 
5.2.2.3 Reagents and chemicals 
The details of reagents and chemicals are described in Chapter 2.2.3. 
 
5.2.2.4 Qualitative identification using TLC 
5.2.2.4.1 Herbal extraction and preparation 
The methods of herbal extraction and preparation are described in Chapter 2.2.4.1. Briefly, 
one gram fine powder of each sample was subjected to solvent extraction with methanol or 
MillQ water in an Accelerate Solvent Extractor (ASE 100, Dionex, U.S.A.). After filtration 
with a 0.45 µm PTFE syringe filter (Alltech, Australia), the methanol extract was stored at -20 
ºC as stock solution for the analysis of lipid-soluble components. The aqueous extract was 
extracted in the same way with MillQ water using ASE 100. After centrifugation, the 
supernatant was adjusted to a pH 2 and extracted with ethyl acetate three times (3 × 10 ml). 
The combined organic layer was purified and concentrated to dryness. The residue was 
dissolved into 2 ml ethyl acetate and then stored at -20 ºC as stock solution for the analysis of 
water-soluble components (Hu et al., 2005b). Prior to the TLC application, the stock solutions 
were sonicated for 15 min and used directly for TLC application. 
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5.2.2.4.2 Preparation of standard references 
The protocols of standard reference preparations are described in Chapter 2.2.4.2. Stock 
solutions of cryptotanshinone, tanshinone I, tanshinone IIA, salvianolic acid B and 
protocatechuic aldehyde were prepared with a concentration of 100 µg/ml, 141 µg/ml, 100 
µg/ml, 400 µg/ml and 1 mg/ml respectively.  
 
5.2.2.4.3 Chromatographic conditions 
A size of 20 × 10 cm TLC plates with silica gel 60 F254 (E. Merck, Germany) was employed 
in TLC analysis. Different volumes of the reagent blank, sample solutions and reference 
solutions were applied on the TLC plates using a CAMAG TLC system. WinCATs software 
was used to define sample loading sequence and loading volumes, and LINOMAT5 was 
employed to perform sample loading. Petroleum ether-ethyl acetate-ether (8:2:1.5, v/v) was 
used as the mobile solvent to separate lipid-soluble components and toluene-chloroform-ethyl 
acetate-methanol-formic acid (2:3:4:0.5:2, v/v) was selected as the mobile solvent to separate 
water-soluble components. The TLC plate was imaged under UV light at the detection 
wavelength of 254 nm with CAMAG ReproStar 3. Softwares of VideoStore and VideoScan 
were subsequently used for data documentation. The details of chromatographic conditions 
are described in Chapter 2.2.4.3. 
 
5.2.2.5 Quantitative determination using HPLC 
5.2.2.5.1 Herbal extraction and preparation 
One gram fine powder of each sample was subjected to solvent extraction with methanol or 
MillQ water using an Accelerated Solvent Extractor (ASE 100, Dionex, U.S.A.). After 
filtration with a 0.45 µm PTFE or acetate syringe filters, the methanol and aqueous extracts 
were stored at -20 ºC as stock solutions. Prior to the HPLC loading, the methanol extract was 
re-sonicated then diluted 20 times using methanol for HPLC injection, and the aqueous 
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extract was re-sonicated then diluted 5 times using acetonitrile for HPLC injection, The 
methods of herbal extraction and preparation are described in Chapter 2.2.4.1, 2.2.5.1. 
 
5.2.2.5.2 Preparation of standard references 
Reference stock solutions of cryptotanshinone, tanshinone I, tanshinone IIA and salvianolic 
acid B were prepared in a concentration of 1 mg/ml, 46 µg/ml, 100 µg/ml and 100 µg/ml 
respectively, and stored at -20 °C in the dark. The protocols of standard reference preparations 
are described in Chapter 2.2.5.2. 
 
5.2.2.5.3 Chromatographic conditions 
HPLC analysis was performed on a Shimadzu Model SCL-10Avp HPLC system (Shimadzu, 
Japan) equipped with a Shimadzu Model SPD-M10Avp photodiode array detector. The 
separations of cryptotanshinone, tanshinone I and tanshinone IIA in methanol extract, and 
salvianolic acid B in aqueous extract were obtained with a RP C18 column (ODS II, 5 µm, 250 
mm × 4.6 mm, Phenomenex, U.S.A). The mobile phase consisted of acetonitrile and water 
(65:35) was used to determine the contents of three tanshinone markers at the wavelength of 
270 nm. The gradient elution method was used for determining salvianolic acid B with a 
mobile phase consisting acetonitrile and 5% aqueous acetic acid at the wavelength of 281 nm. 
The chromatographic conditions are described in Chapter 2.2.5.3. 
 
5.2.2.6 Chromatographic fingerprinting using HPLC 
5.2.2.6.1 Herbal extraction and preparation 
The procedures of herbal extraction and preparation are described in Chapter 2.2.4.1, 2.2.6.1. 
Prior to the HPLC loading, the stock solution of methanol extract was re-sonicated then 
filtered with a 0.45 µm PTFE syringe filter for direct HPLC injection. The stock solution of 
aqueous extract was re-sonicated, diluted 2 times using acetonitrile and then filtered with a 
0.45 µm acetate syringe filter for HPLC injection. 
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5.2.2.6.2 Preparation of standard references 
The protocols of standard reference preparations are described in Chapter 2.2.5.2. 
 
5.2.2.6.3 Chromatographic conditions 
A Shimadzu Model SCL-10Avp HPLC system (Shimadzu, Japan) equipped with a Shimadzu 
Model SPD-M10Avp photodiode array detector was used to perform HPLC analysis. The 
HPLC chromatographic fingerprinting of both methanol and aqueous extracts were obtained 
using a RP C18 column (ODS II, 5µm, 250 mm × 4.6 mm, Phenomenex, U.S.A). 60 min was 
used for determination and 15 min was used for pre-equilibration. The mobile phase consisted 
of acetonitrile and water was used to separate lipid-soluble components in methanol extract 
using a gradient elution method and the chromatogram was recorded at the wavelength of 270 
nm. The gradient elution method was also used for separating water-soluble components in 
aqueous extract with a mobile phase consisting acetonitrile and 1% aqueous acetic acid and 
the chromatogram was recorded at the wavelength of 281 nm. The chromatographic 
conditions are described in Chapter 2.2.6.3. 
 
5.2.2.7 Analysis of chemical data 
Standard deviation (SD) and a relative standard deviation (RSD) were used to evaluate the 
variation of three replicate data in chemical analysis. Data analysis was conducted using SPSS. 
The chemical data were analysed by a One-Way ANOVA to test any significant differences (P 
< 0.05) in contents of cryptotanshinone, tanshinone I, tanshinone IIA and salvianolic acid B 
between the eight varieties. A Scatter/Dot graph was generated to evaluate linear correlation 
between the content of each of the four marker compounds. Their correlation coefficients 
were analysed by SPSS. Hierarchical cluster analysis was employed to analyse similarities of 
chromatographic fingerprinting in terms of relative peak areas in the eight varieties. The 
details of analysis of chemical data are described in Chapter 2.2.7.  
 179 
5.3 Results 
5.3.1 Comparison of growth parameters of one-year old plants  
The growth parameters of one-year old plants for the eight Danshen varieties are summarised 
in Table 5.2. Significant variations of growth parameters (P < 0.05) were found between the 
eight varieties but not the three replicates. There was also no significant interaction between 
the variety and replicate. 
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Table 5.2 Growth parameters of one-year old plants 
Aerial parts 1) Roots 1) 
Variety ID 
Plant height (cm) 
Number of side 
branches per plant-pair 
Fresh weight 
(g/plant-pair) 
Number per plant-pair 
(Diameter ≥ 6 mm) 
Maximum length  
(cm) 
Maximum diameter 
(mm) 
Fresh weight  
(g/plant-pair) 
V1 40 ± 2.0 a  14 ± 0.8 a, b 147 ± 3.9 a 11 ± 0.3 a, b 27 ± 0.6 b 14 ± 0.3 b 155 ± 5.3 b 
V2 47 ± 1.3 a, b 12 ± 0.3 a 247 ± 6.7 b 12 ± 0.2 a, b 27 ± 0.6 b 10 ± 0.4 a 127  ± 3.5 a 
V3 47 ± 1.4 a, b 12 ± 0.3 a 250 ± 5.7 b 12 ± 0.3 a, b 27 ± 0.5 b 11 ± 0.3 a 122  ± 4.4 a 
V4 44 ± 1.8 a, b 13 ± 0.5 a 244 ± 15.4 b 13 ± 0.3 b 32 ± 0.8 c 20 ± 0.4 c 325  ± 12.6 d 
V5 49 ± 1.4 b 12 ± 0.3 a 253 ± 13.9 b 13 ± 0.4 b 32 ± 0.8 c 21 ± 0.5 c 315  ± 7.1 d 
V6 55 ± 2.0 c 15 ± 0.3 b 328 ± 7.6 c 11 ± 0.3 a 27 ± 0.5 b 12 ± 0.2 a 214  ± 6.8 c 
V7 45 ± 2.0 a, b 11 ± 0.3 a 255 ± 8.9 b 11 ± 0.3 a 27 ± 0.4 b 12 ± 0.3 a 135  ± 6.8 a, b 
V8 62 ± 2.6 d 16 ± 0.6 b 608 ± 34.1 d 18 ± 0.6 c 21 ± 0.6 a 23 ± 1.2 c 417  ± 10.2 e 
1) Data was calculated from 12 plant-pairs and was shown as mean ± SE; significant differences at P < 0.05 between varieties (e.g. V1, V2, V3 etc) are indicated by a, b, c, d and e. 
When varieties are designated with the same letter (e.g. a, b, c etc) there is no significant difference between the varieties. When there is a significant difference between varieties, 
there is no letter in common. This relationship only holds within a column and not between columns.  
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5.3.1.1 Plant height 
Plant height varied significantly (P < 0.05) between the eight varieties (Table 5.2). V8 and V6 
were significantly the tallest and the second tallest varieties (62 cm and 55 cm respectively). 
The shortest variety was V1 (40 cm) but there was no significant difference in plant height 
between this variety and V2, V3, V7 and V4 (in descending order).  
 
5.3.1.2 Number of side branches 
The eight varieties may be classified into two clearly significantly different groups (P < 0.05), 
i.e. V8, V6 and V4, V5, V2, V3, V7. However, V1 could not be assigned to either group as it 
had an intermediate number of side branches (Table 5.2).  
 
5.3.1.3 Weight of fresh aerial parts 
The eight varieties may be classified into four significantly different groups (P < 0.05) in 
terms of weight of fresh aerial parts (Table 5.2). V8 had the largest weight of fresh aerial parts 
(608 g/plant-pair) and V6 was the second most productive (328 g/plant-pair). The smallest 
weight of fresh aerial parts was significantly shown in V1 (147 g/plant-pair).  
 
5.3.1.4 Number of roots 
Significant variations (P < 0.05) were found in the number of roots for the eight varieties 
(Table 5.2). V8 had the largest number of roots (18 per plant-pair). In contrast, V6 and V7 had 
equally the smallest number of roots (11 per plant-pair). However, there was no significant 
difference between these two varieties and V1, V2, V3.  
 
5.3.1.5 Maximum root length 
The eight varieties may be classified into three significantly different groups (P < 0.05) in 
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terms of maximum root length (Table 5.2). V4 and V5 had the longest roots (32 cm) while V8 
had the shortest roots (21 cm). There was no significant difference in root length among the 
other five varieties. 
 
5.3.1.6 Maximum root diameter 
The eight varieties may be classified into three significantly different groups (P < 0.05) in 
maximum root diameter (Table 5.2). V8 had the largest maximum root diameter (23 mm) but 
there was no significant difference between this variety and V4 and V5. In contrast, V6, V7, 
V3 and V2 significantly had the smallest maximum root diameters but there was no 
significant difference between them. 
 
5.3.1.7 Root yield 
Root yield per plant-pair varied significantly (P < 0.05) in weight of fresh roots across the 
eight varieties (Table 5.2). V8 had the highest root weight (417 g/plant-pair), and V4 and V5 
were the second most productive. In contrast, V2 and V3 had the lowest root weight (127 
g/plant-pair & 122 g/plant-pair) but there was no significant difference between these two 
varieties and V7 (135 g/plant-pair). 
 
Moreover, the fresh root weight was strongly positively linearly correlated with maximum 
root diameter (r = 0.869, P < 0.01) across the eight varieties (Figure 5.1). For example, V8, 
V4 and V5, which had the highest root weight, in descending order, were also the top three 
varieties in terms of their maximum root diameters. Therefore, the maximum root diameter 
may be a crucial factor in determining the weight of fresh roots in one-year old plants. 
 
 
 
 183 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1 Correlation between maximum root diameter and weight of fresh roots per plant-
pair over eight Danshen varieties.  
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5.3.1.8 Root production efficiency 
The root production efficiency of Danshen varied significantly between the eight varieties (P 
< 0.05). The ratio between the fresh weight of roots and total fresh weight of the whole plant 
is a measure of the relative efficiency of root production. The eight varieties may be classified 
into four significantly different groups (Table 5.2). V4 and V5 had significantly higher root 
production efficiency than the other varieties, with ratios of 57.35% and 55.75% respectively. 
In contrast, V2, V3 and V7 had significantly lower root production efficiencies than all the 
other varieties.  
 
 
 
 
 
 
 
 
 
 
Figure 5.2 Root production efficiency in each of eight Danshen varieties (data was calculated 
from 12 plant-pairs and was shown as mean ± SE; V1 to V8 were variety ID codes of the 
eight varieties; a, b, c and d represented different significance groups (P < 0.05) between the 
eight varieties; root production efficiency is a percentage between the fresh weight of roots 
and total fresh weight of the whole plant). 
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5.3.2 Comparison of growth parameters of two-year old plants  
The growth parameters of roots in two-year old plants for the eight Danshen varieties are 
summarised in Table 5.3. There were significant variations of growth parameters (P < 0.05) 
between the eight varieties but not the three replicates. Moreover, no significant interaction 
was found between the variety and replicate. 
 
Table 5.3 Growth parameters of roots of two-year old plants 
Number of roots per plant-pair 1) 
Variety ID Diameter  
≥ 6 mm 
Diameter  
≥ 10 mm 
Diameter 
 ≥ 20 mm 
Maximum root 
diameter (mm) 1) 
Weight of fresh 
roots  
(g/plant-pair) 1) 
V1 18 ± 0.5 b, c, d  8 ± 0.2 b, c 2 ± 0.3 b 24 ± 1.0 b, c 595 ± 28.3 b, c 
V2 15 ± 0.5 a 6 ± 0.2 a 1 ± 0.2 a 21 ± 0.5 a 502 ± 26.1 a, b 
V3 17 ± 0.5 a, b, c 6 ± 0.2 a, b 1 ± 0.1 a 23 ± 0.5 b, c 543 ± 21.4 a, b 
V4 20 ± 0.4 d 8 ± 0.2 c 4 ± 0.3 c 25 ± 0.6 c 750 ± 27.0 d 
V5 19 ± 0.8 c, d 8 ± 0.3 b, c 3 ± 0.3 c 27 ± 0.8 d 709 ± 33.3 d 
V6 18 ± 0.5 a, b, c d 7 ± 0.3 a, b 2 ± 0.3 b 23 ± 0.6 a, b 594 ± 26.8 b, c 
V7 16 ± 1.0 a, b 6 ± 0.3 a, b 1 ± 0.1 a 21 ± 0.3 a 480 ± 26.7 a 
V8 20 ± 0.8 d 8 ± 0.3 b, c 3 ± 0.2 c 25 ± 0.7 b, c 688 ± 32.4 c, d 
1) Data was calculated from 12 plant-pairs and was shown as mean ± SE; a, b, c and d represented different 
significant groups between the eight varieties (P < 0.05). 
 
5.3.2.1 Number of roots  
Similar variations of number of roots were observed at three diameter categories (≥ 6 mm, 
≥10 mm and ≥ 20 mm) in the eight varieties (Table 5.3). In the case of large roots (diameter ≥ 
20 mm), the rank order of number of roots were V4, V5, V8 followed by V1, V6 and V2, V3, 
V7 according to significant differences in number of roots between them (P < 0.05).  
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5.3.2.2 Maximum root diameter 
The maximum root diameter varied significantly between the eight varieties (P < 0.05), as 
shown in Table 5.3. V5 had the largest root diameter (27 mm) followed by V4 (25 mm) but 
there was no significant difference between V4 and V8, V1, V3. In contrast, V2 and V7 had 
the least root diameter but there was no significant difference between these two varieties and 
V6 (Table 5.3). 
 
5.3.2.3 Root yield 
Significant differences (P < 0.05) of root yield in weight of fresh roots were found between 
the eight varieties (Table 5.3). V4 and V5 had the largest weight of fresh roots but there was 
no significant difference between these two varieties and V8. In contrast, V7 had the lowest 
weight of fresh roots but there was no significant difference between this variety and V2, V3.  
 
The fresh root weight was strongly positively linearly correlated with number of large roots 
(diameter ≥ 20 mm) and attained a Pearson correlation coefficient of 0.918 (P < 0.01). In 
contrast, it had relatively weak positive linear correlations with the number of roots, 0.702 (P 
< 0.01) for root diameter ≥ 10 mm and 0.531 (P < 0.01) for root diameter ≥ 6 mm across the 
eight varieties (Figure 5.3). Moreover, there was relatively weak positive linear correlation 
between maximum root diameter and weight of fresh roots (0.677, P < 0.01) (Figure 5.4). 
Therefore, the number of large roots (diameter ≥ 20 mm) may be a crucial factor in 
determining the weight of fresh roots of two-year old plants. 
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(a)  
 
 
 
 
 
 
 
(b) 
 
 
 
 
 
 
 
(c)  
 
 
 
 
 
 
 
 
Figure 5.3 Correlations between number of roots at each category of root diameter and 
weight of fresh roots: (a) diameter ≥ 20 mm; (b) diameter ≥ 10 mm; and (c) diameter ≥ 6 mm.  
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Figure 5.4 Correlation between maximum root diameter and weight of fresh roots. 
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5.3.3 Qualitative identification of eight Australian grown Danshen varieties 
5.3.3.1 TLC identification 
5.3.3.1.1 Five marker compounds  
A good separation for both lipid-soluble and water-soluble components was observed in 
individual developed TLC plates under UV light (254 nm) (Figure 5.5 and Figure 5.6). The 
eight varieties showed similar bands as five marker compounds with very similar Rf values 
corresponding to cryptotanshinone 0.229, tanshinone I 0.365, tanshinone IIA 0.457, 
salvianolic acid B 0.192 and protocatechuic aldehyde 0.546 (Table 5.4). 
 
 
 
 
 
    
 
 
 
 
 
 
 
Figure 5.5 TLC chromatograms of methanol extracts of eight Danshen varieties grown in 
Australia (1, 13: blank; 2: V4-1; 3: V5-1; 4: V1-1; 5: V2-1; 6: V3-1; 7: V6-1; 8: V7-1; 9: V8-1; 
10: cryptotanshinone; 11: tanshinone I and 12: tanshinone IIA; V1-1 to V8-1 were sample ID 
codes of the eight varieties, e.g. V4-1 was one of  sample ID codes of three replicate samples 
in V4). 
1 5 6 7 8 9 10 11 122 3 4 13
Tanshinone  IIA 
Tanshinone  I 
Cryptotanshinone   
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Figure 5.6 TLC chromatograms of aqueous extracts of eight Danshen varieties grown in 
Australia (1, 12: blank; 2: V4-1; 3: V5-1; 4: V1-1; 5: V2-1; 6: V3-1; 7: V6-1; 8: V7-1; 9: V8-1; 
10: salvianolic acid B and 11: Protocatechuic aldehyde; V1-1 to V8-1 were sample ID codes 
of the eight varieties, e.g. V4-1 was one of  sample ID codes of three replicate samples in V4). 
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Table 5.4 Rf values of five marker compounds in roots of eight Danshen varieties grown in 
Australia 
Rf value of marker compound 1) 
Variety ID 
Cryptotanshinone Tanshinone I Tanshinone IIA Salvianolic acid B Protocatechuic 
aldehyde 
V1-1 0.229 ± 0.012 0.365 ± 0.016 0.453 ± 0.017 0.192 ± 0.002 0.557 ± 0.004 
V2-1 0.228 ± 0.011 0.365 ± 0.016 0.455 ± 0.018 0.190 ± 0.004 0.553 ± 0.004 
V3-1 0.230 ± 0.011 0.366 ± 0.015 0.457 ± 0.019 0.190 ± 0.004 0.546 ± 0.006 
V4-1 0.222 ± 0.010  0.356 ± 0.010 0.446 ± 0.016 0.191 ± 0.007 0.547 ± 0.006 
V5-1 0.223 ± 0.011 0.359 ± 0.017 0.449 ± 0.022 0.192 ± 0.004 n/a 
V6-1 0.228 ± 0.014 0.368 ± 0.019 0.458 ± 0.021 0.190 ± 0.004 0.548 ± 0.007 
V7-1 0.229 ± 0.014 0.369 ± 0.019 0.462 ± 0.021 0.193 ± 0.003 n/a 
V8-1 0.232 ± 0.016 0.372 ± 0.013 0.463 ± 0.020 0.194 ± 0.005 n/a 
Marker 
compound 0.236 ± 0.013 0.366 ± 0.014 0.468 ± 0.021 0.197 ± 0.002 0.527 ± 0.006 
Mean 0.229  0.365  0.457  0.192  0.546  
RSD (%) 1.75 1.27 1.44 1.14 1.73 
1) Data was calculated from three replicate TLC plates and was shown as mean ± SD; n/a: data was not available; 
Rf is defined as the distance traveled by the compound divided by the distance traveled by the solvent. 
 
5.3.3.1.2 Chromatographic fingerprinting 
Five common peaks were identified in chromatograms of methanol extracts of the eight 
varieties. Peaks 1, 2 and 4 were identified as cryptotanshinone, tanshinone I and tanshinone 
IIA using marker compounds respectively (Figure 5.7). Nine common peaks were identified 
in chromatograms of aqueous extracts of the eight varieties. Peaks 2 and 7 were identified as 
salvianolic acid B and protocatechuic aldehyde using marker compounds respectively (Figure 
5.8).  
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Figure 5.7 Representative TLC chromatogram of Danshen methanol extract: (a) variety V6-1 (peak 1: cryptotanshinone; peak 2: tanshinone I; and 
peak 4: tanshinone IIA; X axis represented the Rf value of each marker compound; the largest peak, which had Rf  value < 0.1, corresponded to sample 
loading point in TLC plate); (b) cryptotanshinone; (c) tanshinone I; and (d) tanshinone IIA.  
Cryptotanshinone 
Tanshinone I 
Tanshinone IIA 
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5
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Figure 5.8 Representative TLC chromatogram of Danshen aqueous extract: (a) variety V6-1 
(peak 2: salvianolic acid B (Rf value: 0.190) and peak 7: protocatechuic aldehyde (Rf value: 
0.548); X axis represented the Rf value of each marker compound; the peak, which had Rf 
value
 
< 0.1, corresponded to sample loading point in TLC plate); (b) salvianolic acid B (Rf 
value: 0.197); (c) protocatechuic aldehyde (Rf value: 0.527). 
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Relative Rf values of all identified peaks using peak 4 (i.e. tanshinone IIA) in chromatograms 
of methanol extracts and peak 2 (i.e. salvianolic acid B) in chromatograms of aqueous extracts 
as internal standards are shown in Table 5.5 and Table 5.6. There were good constantly 
relative positions of developed bands in three replicate TLC plates for the eight varieties with 
a RSD ≤ 3.49% for lipid-soluble components and ≤ 1.99% for water-soluble components 
(Table 5.5 & 5. 6). 
 
Table 5.5 Relative Rf values of five common peaks in TLC chromatograms of methanol 
extracts of eight Danshen varieties grown in Australia 
Relative Rf value of common peak 1) 
Variety ID 
Peak1 Peak 2  Peak 3 Peak 4  Peak 5 
V1-1 0.474 ± 0.061 0.794 ± 0.020 0.922 ± 0.013 1 1.195 ± 0.046 
V2-1 0.468 ± 0.058 0.791 ± 0.021 0.916 ± 0.013 1 1.166 ± 1.166 
V3-1 0.468 ± 0.070 0.790 ± 0.027 0.920 ± 0.018 1 1.171 ± 0.005 
V4-1 0.498 ± 0.005  0.786 ± 0.023 0.909 ± 0.019 1 1.169 ± 0.003 
V5-1 0.491 ± 0.014 0.790 ± 0.013 0.912 ± 0.021  1 1.190 ± 0.017 
V6-1 0.467 ± 0.067 0.793 ± 0.019 0.919 ± 0.017 1 1.163 ± 0.005 
V7-1 0.456 ± 0.082 0.794 ± 0.019 0.922 ± 0.019 1 1.164 ± 0.007 
V8-1 0.501 ± 0.011 0.783 ± 0.028 0.909 ± 0.023 1 n/a 
Mean 0.478  0.790  0.916  1 1.174  
RSD (%) 3.49 0.50 0.61 0 1.10 
1) Data was calculated from three replicate TLC plates and was shown as mean ± SD; peak 4 was used as an 
internal standard and its relative Rf value was 1; relative Rf value means that the Rf values of compounds run on 
the same plate at the same time are compared. 
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Table 5.6 Relative Rf values of nine common peaks in TLC chromatograms of aqueous extracts of eight Danshen varieties grown in Australia 
Relative Rf  value of common peak 1) 
Variety ID 
Peak 1 Peak 2 Peak 3 Peak 4 Peak 5 Peak 6 Peak 7 Peak 8 Peak 9 
V1-1 0.676 ± 0.009 1 1.331 ± 0.019 1.955 ± 0.023 2.095 ± 0.032 2.612 ± 0.041 2.896 ± 0.049 3.422 ± 0.051 3.841 ± 0.079 
V2-1 0.709± 0.027 1 1.343 ± 0.031 1.961 ± 0.062 2.116 ± 0.050 2.629 ± 0.076 2.910 ± 0.071 3.419 ± 0.090 3.835 ± 0.102 
V3-1 0.693 ± 0.040 1 1.339 ± 0.014 1.951 ± 0.028 2.104 ± 0.037 2.622 ± 0.049 2.878 ± 0.051 3.392 ± 0.047 3.811 ± 0.075 
V4-1 0.677 ± 0.019 1 1.329 ± 0.025 1.958 ± 0.057 2.101 ± 0.075 2.596 ± 0.111 2.908 ± 0.076 3.399 ± 0.125 3.812 ± 0.157 
V5-1 0.690 ± 0.021 1 1.342 ± 0.022 1.963  2.137 ± 0.007 n/a n/a 3.458 n/a 
V6-1 0.686 ± 0.031 1 1.325 ± 0.013 1.920 ± 0.049 2.088 ± 0.050 2.601 ± 0.070 2.884 ± 0.089 3.382 ± 0.072 3.824 ± 0.103 
V7-1 0.712 ± 0.035 1 1.335 ± 0.024 1.921 ± 0.037 2.095 ± 0.035 2.573 ± 0.031 n/a 3.313 ± 0.054 3.748 ± 0.124 
V8-1 0.703 ± 0.044 1 1.328 ± 0.017 1.945 ± 0.027 2.095 ± 0.036 2.610 ± 0.051 n/a 3.377 ± 0.078 3.803 ± 0.105 
Mean 0.693 1 1.334 1.947  2.104  2.606  2.895  3.395  3.811  
RSD (%) 1.99  0 0.51 0.88 0.75 0.71 0.50 1.25 0.81 
1) Data was calculated from three replicate TLC plates and was shown as mean ± SD; peak 2 was used as an internal standard and its relative Rf value was 1; relative Rf 
value means that the Rf values of compounds run on the same plate at the same time are compared. 
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5.3.3.2 HPLC identification  
5.3.3.2.1 Chromatographic fingerprinting of  methanol extract 
Eighteen common peaks were identified in the chromatograms of the eight Danshen varieties 
according to relative retention times, based on peak 12 (i.e. cryptotanshinone) as an internal 
standard (Figure 5.9). The relative retention time of each of the 18 common peaks had a RSD 
< 1% in chromatographic fingerprinting of the eight varieties (Table 5.7).  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.9 Representative HPLC chromatogram of methanol extract of variety V6-1 (1 to 18 
were peak no. of the eighteen common peaks; mAu in Y axis was a unit of peak area; peak 12, 
13 and 15 were identified as cryptotanshinone, tanshinone I and tanshinone IIA using marker 
compounds respectively). 
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Table 5.7 Relative retention times of 18 common peaks in HPLC chromatographic 
fingerprinting of methanol extracts of eight Danshen varieties grown in Australia 
Relative retention time of common peak 1) Variety 
ID Peak 1 Peak 2 Peak 3 Peak 4 Peak 5 Peak 6 Peak 7 Peak 8 
V1 0.214  0.461 0.477 0.553 0.575 0.584 0.622 0.656 0.762 0.798 
V2 0.214 0.461 0.477 0.553 0.575 0.583 0.622 0.656 0.762 0.798 
V3 0.215 0.462 0.479 0.554 0.577 0.585 0.624 0.658 0.763 0.799 
V4 0.214 0.460 0.476 0.552 0.575 0.583 0.622 0.660 0.762 0.797 
V5 0.214 0.461 0.477 0.553 0.575 0.584 0.622 0.660 0.762 0.798 
V6 0.214 0.461 0.477 0.553 0.575 0.584 0.622 0.657 0.762 0.798 
V7 0.214 0.461 0.477 0.553 0.575 0.584 0.622 0.657 0.762 0.798 
V8 0.214 0.461 0.477 0.559 0.575 0.585 0.622 0.661 0.762 0.798 
RSD 
(%) 
0.18 0.14 0.14 0.41 0.11 0.11 0.10 0.29 0.05 0.05 
Relative retention time of common peak 
Variety 
ID Peak 
9 
Peak 
10 
Peak 
11 
Peak 
12 
Peak 
13 
Peak 14 
Peak 
15 
Peak 
16 
Peak 
17 
Peak 
18 
V1 0.820 0.850 0.897 1 1.048 1.129 1.134 1.271 1.336 1.643 1.747 
V2 0.820 0.850 0.897 1 1.049 1.129 1.135 1.271 1.336 1.643 1.747 
V3 0.821 0.851 0.900 1 1.048 1.129 1.134 1.270 1.335 1.642 1.745 
V4 0.820 0.849 0.896 1 1.048 1.129 1.134 1.271 1.336 1.644 1.748 
V5 0.820 0.849 0.896 1 1.048 1.129 1.135 1.271 1.336 1.643 1.747 
V6 0.820 0.850 0.897 1 1.049 1.129 n/a 1.271 1.336 1.643 1.747 
V7 0.820 0.850 0.897 1 1.048 1.129 1.134 1.271 1.336 1.644 1.747 
V8 0.820 0.848 0.896 1 1.048 1.129 1.134 1.271 1.336 1.643 1.746 
RSD 
(%) 
0.04 0.10 0.14 0 0.02 0.02 0.03 0.03 0.03 0.04 0.04 
1) Data was calculated from three replicate samples in each variety and was shown as mean; peak 12 was used as 
an internal standard and its relative retention time was 1; peaks 2, 4 and 14 consisted of two non-separation 
peaks (Figure 5.9). 
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5.3.3.2.2 Chromatographic fingerprint of  aqueous extract 
Ten common peaks were identified in the chromatograms of the eight Danshen varieties 
according to the relative retention times, based on peak 8 (i.e. salvianolic acid B) as an 
internal standard (Figure 5.10). The relative retention time of each of the 10 common peaks 
had a RSD ≤ 4.32 % in chromatographic fingerprinting of the eight varieties (Table 5.8).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.10 Representative HPLC chromatogram of aqueous extract of variety V6-1 (1 to 10 
were peak no. of the ten common peaks; mAu in Y axis was a unit of peak area; peak 1 and 8 
were identified as protocatechuic aldehyde and salvianolic acid B using marker compounds 
respectively).
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Table 5.8 Relative retention times of 10 common peaks in HPLC chromatographic 
fingerprinting of aqueous extracts of eight Danshen varieties grown in Australia 
Relative retention time of common peak 1) Variet
y ID Peak 1 Peak 2 Peak 3 Peak 4 Peak 5 Peak 6 Peak 7 Peak 8 Peak 9 Peak 10 
V1 0.341  0.408 0.519 0.707 0.740 0.788 0.841 1 n/a 1.043 
V2 0.338 0.405 0.518 0.706 0.738 0.789 0.842 1 n/a 1.046 
V3 0.355 0.424 0.535 0.721 0.761 0.790 0.852 1 n/a 1.039 
V4 0.337 0.403 0.515 0.703 0.735 0.786 0.838 1 n/a 1.042 
V5 0.345 0.413 0.524 0.712 0.748 0.788 0.845 1 n/a 1.041 
V6 0.348 0.416 0.527 0.713 0.751 0.810 0.859 1 1.018 1.040 
V7 0.374 0.448 0.548 0.740 0.794 0.868 0.925 1 1.031 1.086 
V8 0.368 0.441 0.539 0.736 0.786 0.864 0.916 1 1.026 1.084 
RSD 
(%) 
3.92 3.98 2.19 1.96 2.93 4.32 4.04 0 0.63 1.92 
1) Data was calculated from three replicate samples in each variety and was shown as mean; peak 8 was used as 
an internal standard and its relative retention time was 1. 
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5.3.4 Quantitative determination of three tanshinone markers and salvianolic acid 
B  
5.3.4.1 Australian grown Danshen variety samples  
In terms of Australian grown Danshen variety samples, the content of three tanshinone 
markers and salvianolic acid B (w/w) was determined based on three replicate batches for 
each of the eight varieties. The maximum relative standard deviation (RSD) of contents of 
cryptotanshinone, tanshinone I, tanshinone IIA and salvianolic acid B between three replicate 
batches within a variety were 13.32%, 15.41%, 11.31% and 11.62%. These three batches were 
combined to determine the average content of the four marker compounds in the eight 
varieties, as summarised in Table 5.9.  
 
Table 5.9 Contents of three tanshinone markers and salvianolic acid B in roots of eight 
Danshen varieties grown in Australia 
Content of marker compound (w/w, %) 1) 
Variety ID 
Cryptotanshinone Tanshinone I Tanshinone IIA Salvianolic acid B 
V1 0.153 ± 0.007 c  0.041 ± 0.001 d 0.207 ± 0.013 c 3.83 ± 0.17 a, b 
V2 0.174 ± 0.003 c 0.058 ± 0.002 e  0.236 ± 0.004 d  5.42 ± 0.20 c  
V3 0.133 ± 0.008 c 0.043 ± 0.003 d 0.208 ± 0.013 c  4.39 ± 0.51 a, b 
V4 0.061 ± 0.004 b 0.031 ± 0.004 c 0.133 ± 0.009 b 3.74 ± 0.32 a 
V5 0.050 ± 0.003 b 0.029 ± 0.001 b, c 0.128 ± 0.008 b  4.65 ± 0.36 b 
V6 0.227 ± 0.016 c 0.083 ± 0.006 f 0.351 ± 0.024 e 4.16 ± 0.33 a, b 
V7 0.076 ± 0.005 b 0.024 ± 0.002 b 0.120 ± 0.009 b 3.81 ± 0.34 a, b 
V8 0.013 ± 0.002 a 0.016 ±0.003 a 0.069 ±0.008 a 4.42 ± 0.26 a, b 
1) Data was calculated from three replicate samples and was shown as mean ± SD; a, b, c d and e represented 
different significance groups between the eight varieties (P < 0.05). 
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5.3.4.1.1 Content correlations between marker compounds 
There were strong positive linear correlations between the content of tanshinone IIA and 
tanshinone I (r =0.986, P < 0.01), tanshinone IIA and cryptotanshinone (r =0.973, P < 0.01), 
and tanshinone I and cryptotanshinone (r =0.946, P < 0.01) (Figure 5.11). Moreover, contents 
of salvianolic acid B were uncorrelated to contents of each of three tanshinone markers with r 
values of 0.138 (P > 0.05) between salvianolic acid B and tanshinone IIA, 0.220 between 
salvianolic acid B and tanshinone I (P > 0.05) and 0.154 between salvianolic acid B and 
cryptotanshinone (P > 0.05) respectively (Figure 5.12).  
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(a) 
 
 
 
 
 
 
 
 
(b)  
 
 
 
 
 
 
 
 
(c)  
 
 
 
 
 
 
 
 
Figure 5.11 Content correlations between three tanshinone markers: (a) tanshinone IIA and 
tanshinone I; (b) tanshinone IIA and cryptotanshinone; (c) tanshinone I and cryptotanshinone.  
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(a)  
 
 
 
 
 
 
 
 
(b)  
 
 
 
 
 
 
 
 
(c)  
 
 
 
 
 
 
 
 
Figure 5.12 Content correlations between salvianolic acid B and each of three tanshinone 
markers: (a) salvianolic acid B and tanshinone IIA; (b) salvianolic acid B and tanshinone I; (c) 
salvianolic acid B and cryptotanshinone.  
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5.3.4.1.2 Content variations of marker compounds  
The variations in contents of the three tanshinone markers were similar across the eight 
varieties. When cryptotanshinone content was considered, V6, V2, V1 and V3 had the equal 
highest contents (0.227%, 0.174%, 0.153% and 0.133% respectively, w/w) (P < 0.05) whereas 
V8 had the lowest content (0.013%, w/w). Six significantly different groups were found in 
tanshinone I contents across the eight varieties. V6 had the highest content (0.083%, w/w) and 
V2 was the second most productive in content (0.058%, w/w) whereas V8 produced the 
lowest content (0.016%, w/w). The tanshinone IIA contents of the eight varieties were 
classified into five significant groups. V6 produced the highest content (0.351%, w/w) and V2 
was the second most productive variety (0.236%, w/w) while V8 had the least content in the 
eight varieties (0.069%, w/w) (Table 5.9). Moreover, V6, V2, V3 and V1 had over 0.2% 
tanshinone IIA (w/w) in the eight varieties and satisfied the standard for tanshinone IIA in the 
Chinese Pharmacopoeia.  
 
The salvianolic acid B content between the eight varieties was classified into three significant 
groups (P < 0.05). V2 had the highest content (5.42%, w/w) and V5 was the second most 
productive variety (4.65%, w/w) but there was no significant difference between this variety 
and V8, V3, V6, V1 and V7. In contrast, V4 had the least content (3.74%, w/w) (Table 5.9). 
Moreover, all the eight varieties had over 3% salvianolic acid B (w/w), so all satisfied the 
standard for salvianolic acid B in the Chinese Pharmacopoeia.  
 
5.3.4.1.3 Yield variations of marker compounds 
The yields of three tanshinone markers and salvianolic acid B per plant-pair in the eight 
varieties are summarised in Table 5.10. 
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Table 5.10 Yields of three tanshinone markers and salvianolic acid B in roots per plant-pair of eight Danshen varieties grown in Australia 
 
Yield of marker compound (g/plant-pair) 4) 
Variety 
Weight of fresh roots 
(g/plant-pair) 1) 
Dry matter content 
(w/w, %)2) 
Weight of dry roots 
(g/plant-pair) 3) Cryptotanshinone  Tanshinone I  Tanshinone IIA  Salvianolic acid B  
V1 155 ± 5.3  25.1 ± 0.22  39 ± 1.4  0.059 ± 0.006  0.016± 0.002  0.080 ± 0.008 1.41 ± 0.15 
V2 127 ± 3.5 24.9 ± 0.15 31 ± 0.9 0.055 ± 0.005 0.018 ± 0.002 0.074 ± 0.007 1.71 ± 0.18 
V3 122 ± 4.4 24.2 ± 0.35 30 ± 1.1 0.039 ± 0.006 0.013 ± 0.002 0.061 ± 0.010 1.29 ± 0.19 
V4 325 ± 12.6 22.1 ± 0.57 72 ± 2.5 0.044 ± 0.006 0.022 ± 0.003 0.095 ± 0.014 2.68 ± 0.39 
V5 315 ± 7.1 22.9 ± 0.17 72 ± 1.6 0.036 ± 0.003 0.021 ± 0.002 0.092 ± 0.008 3.35 ± 0.28 
V6 214 ± 6.8 25.4 ± 0.32 54 ± 1.8 0.124 ± 0.014 0.045 ± 0.005 0.191 ± 0.022 2.27 ± 0.33 
V7 135 ± 6.8 24.4 ± 0.13 33 ± 1.7 0.025 ± 0.005 0.008 ± 0.002 0.039 ± 0.008 1.25 ± 0.25 
V8 417 ± 10.2 20.5 ± 0.07 86 ± 2.1 0.011 ± 0.001 0.014 ± 0.002 0.059 ± 0.007 3.79 ± 0.40 
RSD (%) 49.64 7.22 42.37 69.14 57.06 53.39 43.94 
1) Data was calculated from 12 plant-pairs and was shown as mean ± SE (n = 12); 2) Data was calculated from dry matter content of three replicate samples of the eight varieties and 
was shown as mean ± SE (n = 3); 3) Data was calculated from dry weights of roots of 12 plant-pairs of the eight varieties and was shown as mean ± SE (n = 12); the dry weight of 
roots for each of the four replicate plant-pairs was calculated using a same dry matter content (w/w, %); 4) Data was calculated from three replicate samples and was shown as mean 
± SD (n = 3); the yield of each of the four marker compound per plant-pair was calculated from the dry weight of roots per plant-pair and the content of each of the four marker 
compound (w/w) in the eight varieties. 
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The yields of three tanshinone markers and salvianolic acid B in roots varied between the 
eight Danshen varieties, as shown in Table 5.10. The yield variation of tanshinone IIA and 
tanshinone I was similar across the eight varieties. The rank of tanshinone IIA in descending 
order was V6, V4, V5, V1, V2, V3, V8 and V7 in the eight varieties. V6 had significantly the 
highest yield of tanshinone IIA (191 mg/plant-pair, P < 0.05) in the eight varieties. V4 and V5 
had a similar but significantly higher yield of tanshinone IIA (95 mg/plant-pair and 92 
mg/plant-pair respectively) than the other varieties. V3, V8 and V7 produced less yields of 
tanshinone IIA in comparison with the other varieties. When the yield of cryptotanshinone 
was compared to that of tanshinone IIA in the eight varieties, the major difference is that V1 
and V2 had higher yields of cryptotanshinone than V4 and V5 (59 mg/plant-pair and 55 
mg/plant-pair vs. 44 mg/plant-pair and 36 mg/plant-pair respectively).  
 
With regard to the salvianolic acid B yield, the rank in descending order was V8, V5, V4, V6, 
V2, V1, V3 and V7 in the eight varieties, as shown in Table 5.10. V8 had significantly the 
highest yield (3.79 g/plant-pair, P < 0.05) in the eight varieties and V5 had a significantly 
higher yield (3.35 g/plant-pair) than the other varieties whereas V1, V3 and V7 produced less 
yields in comparison with the other varieties.  
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5.3.4.2 Chinese grown Danshen reference samples 
The contents of cryptotanshinone, tanshinone I, tanshinone IIA and salvianolic acid B in 
seven Chinese grown Danshen reference samples were determined and summarised in Table 
5.11. 
 
Table 5.11 Contents of three tanshinone markers and salvianolic acid B in Chinese grown 
reference Danshen samples 
Content of marker compound (w/w, %) 2) 
Sample ID 1) 
Cryptotanshinone Tanshinone I Tanshinone IIA Salvianolic acid B 
HR1 0.619 ± 0.002  0.067 ± 0.001 0.268 ± 0.000 4.72 ± 0.04 
HR2 0.319 ± 0.002 0.069 ± 0.007 0.365 ± 0.016 4.64 ± 0.03 
HR3 0.324 ± 0.004 0.077 ± 0.003 0.383 ± 0.004 2.75 ± 0.13 
HR4 0.244 ± 0.000 0.067 ± 0.002 0.543 ± 0.006 0.19 ± 0.01 
HR5 0.278 ± 0.007 0.114 ± 0.000 0.330 ± 0.013 3.84 ± 0.12 
HR6 0.081 ± 0.004 0.045 ± 0.002 0.122 ± 0.005 2.24 ± 0.06 
HR8 0.050 ± 0.000 0.042 ±0.000 0.086 ±0.001 2.55 ± 0.02 
1) HR1 to HR 8 was seven batches of Chinese herbal reference samples; 2) data was calculated from two 
replicate extractions and was shown as mean ± SD. 
 
 
 
 
 
 
 
 
 
 
 208 
The contents of the four marker compounds varied across these reference samples (Table 
5.11). When cryptotanshinone content was considered, the rank in descending order was HR1, 
HR3, HR2, HR5, HR4, HR6 and HR8. In particular, HR1 had the highest content (0.619%, 
w/w), nearly twice the content of cryptotanshinone found in HR2 and HR3 (0.319% and 
0.324% respectively). HR6 and HR8 had much lower contents (0.081% and 0.050% 
respectively). In terms of tanshinone I content, the rank in descending order was HR5, HR3, 
HR2, HR1, HR4, HR6 and HR8. Among them, HR5 had a much higher content than the other 
reference samples (0.114%, w/w), nearly twice the content of HR4, which was collected from 
the same province as HR5. Moreover, the rank of tanshinone IIA in descending order was 
HR4, HR3, HR2, HR5, HR1, HR6 and HR8. Among them, HR4 had much higher tanshinone 
IIA content than the other reference samples, e.g. 64.5% higher than HR5.  
 
With regard to the content of salvianolic acid B, the rank in descending order was HR1, HR2, 
HR5, HR3, HR8, HR6 and HR4 (Table 5.11). HR1 and HR2 had much higher contents 
(4.72% and 4.64% respectively) than HR3 (2.75%, w/w), which was also grown in Shandong 
province. HR4 had much less content (0.19%, w/w) compared to the other samples. In 
particular, there was a great difference in content between HR5 and HR4 (0.19% vs. 3.84%, 
w/w), even though both were collected from Shanxi province.  
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5.3.5 Chromatographic fingerprinting of eight Australian grown Danshen varieties 
5.3.5.1 Methanol extract 
5.3.5.1.1 Peak area 
Table 5.12 shows the total peak area of all 18 common peaks and the peak area of each of the 
seven main peaks in the chromatograms of the eight varieties. Figures 5.13 and 5.14 give 
visual impacts of the fingerprinting chromatograms of the eight varieties. 
 
Table 5.12 Total peak area of all 18 common peaks and peak areas of seven main common 
peaks in chromatograms of methanol extracts of eight Danshen varieties grown in Australia 
Peak area of main common peak 1) Variety 
ID 
Peak 8 Peak 10 Peak 11 Peak 12 Peak 13 Peak 14 Peak 15 
Total peak area 
of all 18 
common peaks 
V1 371850 690397 183260 2789114 850607 1549603 c 4538329 c  12512922 
V2 549239 968973 251597 3182603 1185435 2177259 d 5256842 d 15884853 
V3 333621 624496 176727 2288581 844107 1652946 c 4356906 c 11886619 
V4 231357 426159 207594 1105945 661951 1690330 c 2871282 b 8639833 
V5 209412 406443 216079 957157 648866 1724682 c 2831857 b 8505715 
V6 516627 912799 303881 3484160 1438304 2258938 d 6462879 e 18098976 
V7 175995 293550 90484 1332433 490080 751224 a 2527342 b 6615731 
V8 68162 106145 97208 214653 297672 975740 b 1336773 a 3767672 
1) Data was collected from three replicate samples and was shown as mean; a, b, c, d and e represented different 
significance groups between the eight varieties (P < 0.05). 
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Figure 5.13 Fingerprinting chromatograms of methanol extracts of V1, V2, V3 and V4 (8, 10-
15 were peak no. of the main common peaks; mAu in Y axis was a unit of peak area). 
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Figure 5.14 Fingerprinting chromatograms of methanol extracts of V5, V6, V7 and V8 (8, 10-
15 were peak no. of the main common peaks; mAu in Y axis was a unit of peak area). 
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5.3.5.1.1.1 Correlations between total 18 common peaks and seven main common peaks 
The total peak areas of all 18 common peaks in the eight varieties had strong positive linear 
correlations with the peak area of each of the seven main common peaks and attained Pearson 
correlation coefficients ≥ 0.865 (P< 0.01). In particular, there were correlation coefficients of 
0.964 (P< 0.01), 0.991 (P< 0.01) and 0.993 (P< 0.01) for the peak areas of peak 12 (i.e. 
cryptotanshinone), peak 13 (i.e. tanshinone I) and peak 15 (i.e. tanshinone IIA) respectively, 
which represent the three tanshinone markers (Table 5.13).  
 
Table 5.13 Pearson correlation coefficients of peak area between total 18 common peaks and 
seven main common peaks 
Peak number Peak 8 Peak 10 Peak 11 Peak 12 Peak13  Peak14 Peak 15 
Peak 10 0.998**       
Peak 11 0.873** 0.881**      
Peak 12 0.974** 0.972** 0.789*     
Peak 13 0.973** 0.971** 0.935** 0.945**    
Peak 14 0.881** 0.891** 0.986** 0.790* 0.923**   
Peak 15 0.972** 0.974** 0.896** 0.972** 0.988** 0.893**  
All common 
peaks 
0.982** 0.984** 0.865** 0.964** 0.991** 0.869** 0.993** 
* Significant level P < 0.05 (2-tailed); ** significant level P < 0.01 (2-tailed). 
 
When three tanshinone markers were considered, peaks 12, 13 and 15 had strong positive 
linear correlations between them with correlation coefficients ≥ 0.945 (P < 0.01). Each of 
them also had a strong positive linear correlation with the other four main common peaks (i.e. 
peaks 8, 10, 11 and 14) with correlation coefficients ≥ 0.789, 0.923 and 0.893 respectively (P 
< 0.01). In addition, there were strong positive linear correlations of peak area between each 
of the other four main common peaks (Table 5.13).  
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5.3.5.1.1.2 Total peak area variation of all 18 common peaks  
Concerning total peak area of all 18 common peaks in the eight varieties, the rank of total 
peak areas in descending order was V6, V2, V1, V3, V4, V5, V7 and V8 (Table 5.12). V6 and 
V2 had much higher total peak areas, and V7 and V8 had much lower total peak areas than 
the other peaks respectively.  
 
5.3.5.1.1.3 Peak area variations of seven main common peaks  
The peak area of peak 15 (i.e. tanshinone IIA) varied significantly between the eight varieties 
(P < 0.05), as shown in Table 5.12. V6 significantly had the highest peak area and V2 was in 
the second highest. In contrast, V8 significantly had the least peak area. This variation pattern 
in peak area between the eight varieties was the same as that for the total peak areas in the 
eight varieties. This result was also similar to that in the quantitative analysis of tanshinone 
IIA (see Chapter 5.3.4.1.2). The peak areas of peak 12 (i.e. cryptotanshinone) in the eight 
varieties were ranked in descending order as follows: V6, V2, V1, V3, V7, V4, V5 and V8. 
This rank order was the same as that in the quantitative analysis of cryptotanshinone (see 
Chapter 5.3.4.1.2). Moreover, A similar rank order in descending (V6, V2, V1, V3, V4, V5, 
V7 and V8) was also found for the peak areas of peak 13 (i.e. tanshinone I) but the position of 
V7 was behind of V5 in comparison with the rank order for peak 12 (Table 5.12).  
 
When the other four main common peaks were considered, the peak areas of peak 14 
(unknown compound) in the eight varieties were classified into four significant groups (P 
<0.05), as shown in Table 5.12. V6 and V2 had the highest peak areas whereas V7 had the 
lowest peak area in the eight varieties. The peak areas of peak 10 (unknown compound) in the 
eight varieties were ranked in a similar order in descending (V2, V6, V1, V3, V4, V5, V7 and 
V8) to peak 13 but the position of V2 was ahead of V6. The same rank order in descending 
(V2, V6, V1, V3, V4, V5, V7 and V8) as for peak 10 was also found for the peak areas of 
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peak 8 (unknown compound). In contrast, the rank order in peak areas of peak 11 (unknown 
compound) in descending (V6, V2, V5, V4, V1, V3, V8 and V7) was similar to that of peak 
14 but the positions of V4 and V1 were ahead of V5 and V3 respectively (Table 5.12).  
 
5.3.5.1.2 Relative peak area 
The relative peak areas for the seven main peaks, when peak 12 was used as an internal 
standard, for the eight varieties are shown in Table 5.14. 
 
Table 5.14 Relative peak areas of seven main peaks in HPLC chromatographic fingerprinting 
of methanol extracts of eight Danshen varieties grown in Australia 
Relative peak area of main peak 1) 
Variety ID 
Peak 8 Peak 10 Peak 11 Peak 12 Peak 13   Peak 14 Peak 15  
V1 0.133 0.248 0.066 1 0.305 0.556 1.627 
V2 0.173 0.304 0.079 1 0.372 0.684 1.652 
V3 0.146 0.273 0.077 1 0.369 0.722 1.904 
V4 0.208 0.385 0.187 1 0.599 1.529 2.597 
V5 0.219 0.425 0.226 1 0.678 1.802 2.959 
V6 0.148 0.262 0.087 1 0.412 0.648 1.855 
V7 0.132 0.220 0.068 1 0.368 0.563 1.896 
V8 0.311 0.489 0.454 1 1.387 4.558 6.243 
RSD (%) 33.21 29.51 86.75 0 63.71 98.92 59.74 
1) Data was calculated from three replicate samples in each variety and was shown as mean; peak 12 was used as 
an internal standard and its relative peak area was 1. 
 
Hierarchical cluster analysis showed that there are two major groups, based on similarities in 
relative peak areas of the seven main peaks (Figure 5.13), a) V8, V5 and V4; b) V2, V1, V7, 
V6 and V3. Within the first group, the variety V8 was classified into the first sub-group and 
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distinguished from the other varieties in group at a distance of > 5 and < 10. The varieties of 
V4 and V5 were classified into the second sub-group with a cosine value of 0.999 in the 
similarity analysis of proximity matrix (cosine is a measure in hierarchical cluster analysis by 
SPSS and proximity matrix is a statistic method). These varieties were both from Shanxi 
province. In the second group, the varieties V1 and V2 were classified into the first sub-group 
with a cosine value of 0.998. These varieties were both from Shandong province. These two 
sub-groups showed their geographic relationships in their chromatographic fingerprints 
(Figure 5.13). Therefore, the hierarchical cluster analysis might be used to evaluate herbal 
quality using relative peak area as a parameter. 
 
 
 
 
 
 
 
 
 
 
Figure 5.15 Hierarchical cluster analysis of relative peak areas in HPLC chromatographic 
fingerprinting of eight Danshen varieties (V1 to V8 were variety ID codes; 0, 5 and 10 to 25 
represented the distance between the chromatographic fingerprinting of each of the eight 
varieties). 
 
 
 
 
 
0         5        10        15        20        25
Label Num +---------+---------+---------+---------+---------+
V3   òø
V6   òôòø
V7   ò÷ ùòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòø
V1   òûò÷ ó
V2   ò÷ ó
V4   òûòòòòòòòòòòòòòòòø ó
V5   ò÷ ùòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòò÷
V8   òòòòòòòòòòòòòòòòò÷
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5.3.5.2 Aqueous extract 
There were great variations in total peak area of all 10 common peaks and peak areas of the 
six main peaks in the chromatograms of the eight varieties. The total peak area variation of all 
10 common peaks had a RSD 15.64% in the eight varieties and the peak area variation of 
peak 8 (salvianolic acid B) had a RSD 16.20% (Table 5.15). Figures 5.16 and 5.17 give visual 
impacts of the fingerprinting chromatograms of the eight varieties. 
 
 
Table 5.15 Total peak area of all 10 common peaks and peak areas of six main common peaks 
in chromatograms of aqueous extracts of eight Danshen varieties grown in Australia 
Peak area of main peak 1) 
Variety ID 
Peak 2 Peak 3 Peak 4 Peak 5 Peak 7 Peak 8 
Peak area of all 
10 common peaks 
V1 52928  92001 b 108661 126631 a 194071 4236040 a, b 4970608 
V2 46599  167128 e 125660 150918 a 209306 6117092 c 7064479 
V3 41822  138835 d 116136 144904 a 188150 5016540 b 5872724 
V4 43425  79595 b 96285 134439 a 158090 3701629 a 4366566 
V5 47554  92212 b  79441 218223 b 184642 4982156 b 5784164 
V6 48568  116321 c 130887 106106 a 140290 4059316 a, b 4803587 
V7 44562  82382 b 108175 126828 a 27561 4311254 a, b 4954611 
V8 46326  60425 a 103207 196736 b 30684 4577023 a, b 5257239 
RSD (%) 7.36 33.82 15.08 25.24 51.30 16.20 15.64 
1) Data was calculated from three replicate samples and was shown as mean; a, b, c, d and e represented 
different significance groups between the eight varieties (P < 0.05). 
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Figure 5.16 Fingerprinting chromatograms of aqueous extracts of V1, V2, V3 and V4 (2-5, 7 
and 8 were peak no. of the main common peaks; mAu in Y axis was a unit of peak area). 
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Figure 5.17 Fingerprinting chromatograms of aqueous extracts of V5, V6, V7 and V8 (2-5, 7 
and 8 were peak no. of the main common peaks; mAu in Y axis was a unit of peak area). 
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5.3.5.2.1 Peak area correlations between total 10 common peaks and six main common 
peaks  
The total peak area of all 10 common peaks had a strong positive linear correlation with the 
peak area of peak 8 and attained a Pearson correlation coefficient of 0.998 (P < 0.01). 
Moreover, peak 8 also had strong positive linear correlations with peaks 2, 3, 4 and 5 with 
Pearson correlation coefficients of 0.884 (P < 0.01), 0.866 (P < 0.01), 0.870 (P < 0.01) and 
0.835 (P < 0.01) respectively (Table 5.16).  
 
Table 5.16 Pearson correlation coefficients of peak area between total 10 common peaks and 
six main common peaks 
Peak number Peak 2 Peak 3 Peak 4 Peak 5 Peak 7 Peak 8 
Peak 3 0.694*      
Peak 4 0.906** 0.835**     
Peak 5 0.791* 0.492 (UC) 0.594 (UC)    
Peak 7 0.593 (UC) 0.783* 0.551 (UC) 0.436 (UC)   
Peak 8 0.884** 0.866** 0.870** 0.835** 0.645 (UC)  
All common 
peaks 
-0.078 (UC) 0.754* 0.219 (UC) 0.363 (UC) 0.418 (UC) 0.998** 
UC: uncorrelated; * P < 0.05 (2-tailed); ** P < 0.01 (2-tailed). 
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5.3.5.2.2 Total peak area variation of all 10 common peaks  
Regarding the total peak area of all 10 common peaks in the eight varieties, the rank of total 
peak areas in descending order was V2, V3, V5, V8, V1, V7, V6, and V4. Among them, V2 
had a much higher total peak area than the other varieties (Table 5.15).  
 
5.3.5.2.3 Peak area variations of  six main peaks  
When the peak area of peak 8 (i.e. salvianolic acid B) was considered, great variation was 
found in the eight varieties and its significant differences (P < 0.05) are shown in Table 5.15. 
V2 significantly had the highest peak area whereas V4 had the lowest peak area but there was 
no significant difference between this variety and V8, V7, V1 and V6. This result was similar 
to that in the quantitative determination of salvianolic acid B but the positions of V3 and V7 
were ahead of V5 and V1 respectively (see Chapter 5.3.4.1.2). 
 
For the other main peaks, which may not be marked with standard references, the peak areas 
of these main peaks varied between the eight varieties (Table 5.15). When peak 5 was 
considered, the varieties V5 and V8 had significantly higher peak areas than the other 
varieties (P < 0.05) and there was no significant difference between them. With regard to peak 
3, V2 significantly had the highest peak area whereas V8 significantly had the lowest peak 
area in the eight varieties.  
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5.4 Discussion 
The variation in weight of the fresh aerial parts over the eight varieties was similar to the 
variation in plant height at the end of the first year cultivation. For example, V8 had 
significantly the greatest weight of fresh aerial parts and was also the tallest of all the varieties 
(P < 0.05). V6 was the second highest for both measures and there was a significant difference 
between these two varieties. The main reason for the aerial parts of these two varieties being 
both more massive and higher was that the side branches developed earlier than the other 
varieties. Also they developed stem earlier and produced a large number of stems than the 
other varieties. However, there was no report on development of side branches in different 
varieties.  
 
In this study, the maximum root diameter was found to be a principal factor in determining the 
weight of fresh roots in one-year old plants. Since the weight of fresh roots had a strong 
positive linear correlation with the maximum root diameter over the eight varieties. Thus total 
root weight per plant-pair showed a similar pattern of variation to maximum root diameter in 
the first year. For example, V8, V4 and V5 had the highest root weight, in descending order, 
and were also the top three varieties in terms of their maximum root diameters. In the second 
year of cultivation, the number of large roots appears to be the principal factor in determining 
the weight of roots. Since the weight of roots had a strong positive linear correlation with the 
number of large roots (root diameter ≥20 mm). This correlation was different from the result 
from the first year of cultivation and relatively weak linear correlation with maximum root 
diameter was found for the second year of growth.  
 
There were similar patterns of variation in root yield in the eight varieties between the first 
and second years of cultivation so root yield appears to be a fairly stable characteristic of a 
variety. It is difficult to find evidences to support this result in previous studies. V4, V5 and 
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V8 had the highest yields in both years but V8 was top in the first year but in third place in the 
second year. This was because V8 grew the fastest in the first year. There were different dry 
matter contents between V8 (20.5%) and V4 (22.1%) or V5 (22.9%) but no significant 
difference was found between them (see Table 5.10). When selecting for maximum root yield, 
V8 is best for a one-year crop and V4 and V5 are better for a two-year crop. 
 
It seems difficult to establish the relationship between the growth of aerial parts and the 
growth of roots. Different varieties had different growth behaviors in terms of aerial parts and 
roots. The varieties V4 and V5 had more root growth and less growth of aerial parts. This 
point was evident from the ratio of root growth to total plant growth (root: root + aerial parts). 
Therefore these two varieties were more efficient in producing medicinal parts than the other 
varieties. Also, when there is more growth of aerial parts this might consume more nutrition 
from the soils and this can have a negative influence on root growth (Chen et al., 1992). So it 
is important to purposely select those varieties that have relatively less growth of aerial parts 
or produce more roots with lower fertiliser costs. Therefore, in terms of this point, the 
varieties V4 and V5 are optimal varieties for root yield and may be used in local production of 
Danshen in Australia. 
 
It proved to be feasible to use the TLC method in this study to rapidly identify a plant sample 
as Danshen using the three tanshinone markers and two marker phenolics. The eight 
Australian grown Danshen varieties showed similar bands for these five marker compounds 
on three replicate TLC plates with very similar Rf values for the five marker compounds.  
However, this TLC method was different to that described in the Chinese Pharmacopoeia. 
When benzenz-ethyl acetate (19:1 v/v) was used as the developing solvent, as given in the 
Chinese Pharmacopoeia, it did not separate tanshinone I and cryptotanshinone very well. So, 
the solvent combination of petroleum ether-ethyl acetate-ether (8:2:1.5, v/v) was used as the 
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mobile solvent in the present study for the separation of lipid-soluble compounds, and this 
produced better separation. 
 
The relative Rf values of all the main bands on the TLC plates may be used in the qualitative 
identification of a batch of herbs as authentic Danshen. The relative positions of the main 
bands were found to be stable on replicate TLC plates for the eight varieties. The RSD was ≤ 
3.49% in the chromatographic fingerprint of the methanol extract and ≤ 1.99% in the 
chromatographic fingerprint of the aqueous extract. Thus these main bands had consistent 
relative positions on the TLC plates and may be used not only to identify the five marker 
compounds, but also to distinguish other bands found in Danshen batches.  In previous studies, 
similar fingerprinting patterns in the sequence of the main bands on TLC plates for both 
methanol and aqueous extracts were also found (Chen et al., 1997, Jiang et al., 2005c). When 
TLC and HPLC were compared in terms of the sequence of the main compounds, the 
fingerprinting pattern of bands on the TLC plates corresponded to the main peaks on the 
HPLC chromatogram. Since the TLC fingerprinting method roughly reflected the HPLC in 
terms of the sequence of main peaks, it can be used as a fast and convenient identification 
method for Danshen. 
 
It was observed that contents of four marker compounds in certain Chinese grown Danshen 
reference samples decreased after the same varieties had been grown in Australia for one year. 
For example, the three Shandong herbal reference samples had the highest contents of 
cryptotanshinone. This decreased considerably, particularly for HR1, when these varieties 
were cultivated locally. The high content of tanshinone I in HR5, the high content of 
tanshinone IIA in HR4, and the high content of salvianolic acid B in HR1 also decreased. 
However, some new properties were found in the Australian grown varieties. Some had higher 
contents of the four marker compounds in comparison with the original Chinese reference 
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samples. The variety V6 had a much higher content of tanshinone IIA than the reference 
sample of HR6. Also, the other varieties showed an increase in the content of salvianolic acid 
B compared with their reference samples, except for V1.  
 
Strong positive linear correlations were found between each of three tanshinone markers in 
the eight varieties. These positive linear correlations are intrinsic chemical properties of 
Danshen and have close relationships with their chemical structures. Since the three 
tanshinones belong to the group of ortho-quinones (Sun et al., 2007). This is why different 
varieties have similar variation profile on the three tanshinone markers. Moreover, there was 
no significant correlation between the contents of tanshinones and salvianolic acid B. When 
both the content of tanshinones and salvianolic acid B are considered, an optimal variety at 
the plant density of 45 × 30 cm, is not available from the data. The variety V6 had 
significantly highest tanshinone IIA content while the variety V2 had significant highest 
salvianolic acid B (P < 0.05). Moreover, when production aims at the minimum standards for 
both tanshinone IIA (0.2%) and salvianolic acid B (3%) (The State Pharmacopoeia 
Commission of People's Republic of China, 2005), there were four Danshen varieties: V6, V2, 
V1 and V3, may be selected at the plant density of 45 × 30 cm.   
 
The highest contents of cryptotanshinone, tanshinone I and tanshinone IIA were found in the 
varieties V6, V1, V2 and V3, the last three of which all derived from seeds collected from 
Shandong province. These results were related to the maximum root diameters. These 
varieties all had small root diameters after one year of cultivation. Tanshinone compounds are 
mainly found in the epidermis and phloem, and not in xylems of roots (Deng and Li, 2005, 
Zeng et al., 2006b). Smaller roots have more surface areas of epidermis than larger roots and 
consequently a higher tanshinone content (Chen, 1983). When both the root weight and the 
content of three tanshinone markers are considered, an optimal variety is not evident from the 
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data. This is due to the negative relationship between the root weight and the content of three 
tanshinones. Of the four varieties: V6, V2, V3 and V1, with over 0.2% tanshinone IIA content, 
V6 and V1 had relatively higher root yield (214 g/plant-pair and 155 g/plant-pair respectively) 
but it was still low root yield compared with high yielding varieties such as V4 (325 g/plant-
pair) so these varieties may not be attractive for farmers. The root yield may be a crucial 
decisive factor against tanshinone content.  
 
When both the root weight and the contents of salvianolic acid B are considered, an optimal 
cultivar is also impossible from the data. This is due to no relationship between the root 
weight and the content of salvianolic acid B. The variety V8 had a high content of salvianolic 
acid B (4.42%) and also the highest root yield and largest maximum root diameter of the eight 
varieties. However, the content of salvianolic acid B did not always increase as the root yield 
and root diameter increased across the eight varieties. For example, the variety V2 had 
significantly the highest content of salvianolic acid B of the eight varieties but the lowest root 
yield and maximum root diameter (P < 0.05).  Since salvianolic acid B is found throughout 
the root, its content is related to root diameter within a particular variety. Different varieties 
have different biological characteristics in terms of their accumulation properties for 
salvianolic acid B. From the point of view of variety selection when salvianolic acid B 
content and root yield is the selection criterion, the best variety for cultivation is V8 since it 
combines both high salvianolic acid B content and highest root yield. However, V8 is not 
officially used as Danshen in the Chinese Pharmacopoeia. From the point of view of variety 
selection when root yield and root production efficiency is the selection criterion, the regional 
cultivars V5 and V4 may be popularly accepted by herbal growers due to its combining both 
second highest root yield and the highest root production efficiency in the eight varieties, 
whereas V4 had least content of salvianolic acid B (3.74%, w/w) but this content is much 
higher than the standard in the Chinese Pharmacopoeia (3%, w/w). 
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There is however, a problem when the production of tanshinones and salvianolic acid B and 
root yield are all used as criteria. V8 has high salvianolic acid B and good root yield but the 
lowest content of tanshinone IIA. V6, V2, V3 and V1 have high tanshinones, an acceptable 
level of salvianolic acid B but quite low root yield. V4 has the highest root yield and an 
acceptable level of salvianolic acid B but the tanshinone IIA is too low. When the production 
of moderate root yield used as criteria (214 g/plant-pair), V6 is a quite optimal Danshen 
variety simultaneously satisfies the minimum standards of tanshinone IIA (0.2% w/w) and 
salvianolic acid B (3%, w/w). However, the farmers have more interesting to grown high root 
yield variety. Therefore agricultural methods may be used to optimise all these three criteria. 
For example, the tanshinone content may be increased in V8 and V4, and the root yield may 
be increased in V6, V2, V3 and V1. These issues are further explored in the plant density and 
fertiliser trials (see Chapters 7 and 8). 
 
There were strong positive linear correlations for peak area between each of the three marker 
lipid soluble compounds cryptotanshinone, tanshinone I and tanshinone IIA as well as for the 
remaining four main peaks. Therefore it was possible to estimate the peak areas of the six 
other main peaks based on the peak area of peak 15 (tanshinone IIA), which is the main 
marker compound used in the Chinese Pharmacopoeia. In the case of water-soluble 
compounds, peak 8 (salvianolic acid B) in the chromatograms had a strong positive 
correlation with the main peaks 2, 3, 4 and 5 and could be used to estimate these peak areas. 
Salvianolic acid B is the other main marker compound used in the Chinese Pharmacopoeia. 
Therefore, these two marker compounds can be used to identify and quantify the other main 
lipid and water-soluble compounds of Danshen.  
 
Chromatographic fingerprints using HPLC were able to distinguish between samples of the 
eight different varieties when relative peak area was used as the criterion because each variety 
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was distinctive. Moreover, there were close similarities between varieties derived from seeds 
collected from the same province. So this HPLC fingerprinting method also revealed the 
geographic relationship between these varieties.  
 
In conclusion, the root yield and root production efficiency varied significantly across the 
eight Danshen varieties in the two years of local cultivation. There were no qualitative 
differences in chemical compounds between the eight varieties while the quantities of the four 
marker compounds and main non-marker compounds differed. When the production of 
tanshinones, salvianolic acid B and root yield were all used as the selection criteria, an 
optimal variety is not evident from the eight varieties whereas V6, V2, V3 and V1 have high 
level tanshinone IIA (over 0.2%, w/w) and an acceptable level of salvianolic acid B (over 3%, 
w/w) but low level root yield, and V4 and V5 have high level root yield and an acceptable 
level of salvianolic acid B (over 3%, w/w) but low level tanshinone IIA (below 0.2%, w/w) 
(Table 5.17).  
 
Table 5.17 Strengths and weaknesses of each of the eight varieties 
Variety ID Root yield (g/plant-pair)1) Content of tanshinone IIA (w/w)2) Content of salvianolic acid B (w/w)2) 
V1 Low > 0.2% > 3% 
V2 Low > 0.2% > 3% 
V3 Low > 0.2% > 3% 
V4 High < 0.2% > 3% 
V5 High < 0.2% > 3% 
V6 Middle > 0.2% > 3% 
V7 Low < 0.2% > 3% 
V8 High < 0.2% > 3% 
1) Low (< 160 g/plant-pair), middle (> 160 and < 300 g/plant-pair) and high (>300 g/plant-pair); 2) Standard of 
Chinese Pharmacopoeia (2005): tanshinone IIA (w/w) ≥ 0.2% and salvianolic acid B (w/w) ≥ 3%. 
 228 
In terms of quality control of Danshen herb, strong positive linear correlations were found 
between both the content of three marker tanshinones and the peak area of each of seven main 
peaks in chromatograms of methanol extract. Also, peak 8 (i.e salvianolic acid B) has strong 
positive linear correlations of peak area with peaks 2, 3, 4 and 5 in chromatograms of aqueous 
extracts. Thus, tanshinone IIA and salvianolic acid B can be used sufficiently to identify and 
quantity the other main lipid and water-soluble components of Danshen. 
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Chapter Six 
 
Growth Characteristics of Danshen  
and Accumulation of its Chemical Components  
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6.1 Background 
As mentioned in Chapter 5, the variety V4 was found to have a number of good vegetative 
growth and chemical properties in local production of Whittlesea area, including: 1) the 
second highest root yield (i.e. 325 g/plant-pair) in the eight varieties; 2) the highest root 
production efficiency (i.e. 57.35%, w/w); 3) better for a two-year crop; 4) an acceptable level 
of salvianolic acid B (i.e. 3.75%, w/w); and 5) the second highest yield of tanshinone IIA (i.e. 
95 mg/plant-pair) and the third highest yield of salvianolic acid B (i.e. 268 mg/plant-pair). 
Therefore, this variety was used as a relatively optimum Danshen variety in this harvesting 
time trial. 
 
Danshen is a perennial herb. In China it usually enters dormancy in winter when the air 
temperature is below 10º C and sprouts again in the spring (Jiang and Wei, 2004). The whole 
annual life cycle is about 200 days in Danshen production areas of Shangluo district in Shanxi 
province (Sun et al., 2005).  
 
There are two rapid growth stages of the aerial parts of Danshen. The first stage is from 80 to 
120 days after planting. The second stage is after seed maturity, at 140-180 days after planting 
(Jiang and Wei, 2004, Sun et al., 2005). The root growth lags behind the growth of the aerial 
parts. There are two rapid growth stages, 30-70 days and 140-200 days after planting (Jiang 
and Wei, 2004). In the first stage, the root growth is mainly associated with an increase in root 
number. In the second stage the roots expand in size (Sun et al., 2005). 
 
Danshen blooms between late April and late October in China. Most of the flowerets are in 
full bloom in middle to late May. At this time roughly 75 to 90% of flowerets are in bloom. It 
takes the flowerets in an inflorescence between two and six days to fully open, and most 
flowerets open on the second day (74.9%). In addition, most of the flowerets bloom between 
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8:00 am and 10:00 am, and the whole inflorescence continuously blooms for 8 to 11 days (Liu 
et al., 2004d). 
 
A number of studies have investigated the tanshinone content at different growth stages. The 
tanshinone IIA content varies at different growth stages with the highest level at 150 days 
after planting (Han et al., 2004). The content of cryptotanshinone, tanshinone I and tanshinone 
IIA starts to increase in September, and reaches the highest level in November (Huang and 
Yang, 1980). The tanshinone IIA content generally increases from July to October (Wang et 
al., 2004b). The phenolic acid content in Danshen roots has peaks in June and November (Liu 
et al., 2004a). The danshensu content peaks at 150 days and 200 days after planting (Han and 
Liang, 2005). However, it should be noted that just a few bioactive marker compounds, such 
as tanshinone IIA or protocatechuic aldehyde, might be not representative of multiple 
components of Danshen. There are also variations of bioactive components, which cannot be 
marked with standard references.  
 
Given the differences of climatic conditions in Australia, compared to China, change of 
vegetative growth of Danshen and its accumulation of bioactive components are expected.  
This study aims to: 1) establish the growth stages of aerial parts and roots of Danshen grown 
in Australia; 2) quantify contents of four bioactive marker compounds and main non-marker 
compounds in Danshen roots at different stages in the growth cycle; and 3) determine the 
optimum times for harvesting locally grown Danshen roots.  
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6.2 Materials and methods 
6.2.1 Field trial 
6.2.1.1 Site selection 
The cultivation site, situated at NMIT, Whittlesea, and Victoria, Australia, was employed for 
this harvesting time trial.  
 
6.2.1.2 Source of Danshen seeds  
A batch of Danshen seeds (seed ID code: S4), which was collected from Shangluo district of 
Shanxi province, was used in this harvesting time trial. 
 
6.2.1.3 Propagation of Danshen seedlings 
Danshen seedlings were propagated by seeds in greenhouses at NMIT. The method of 
propagation of Danshen seedlings are described in Chapter 2.1.3. 
 
6.2.1.4 Field trial design and maintenance 
A two-year harvesting time trial was conducted on the cultivation site at NMIT in October 
2004. The experiment was laid out as a completely randomised design with six replicates field 
plots. Seedlings were transplanted with 25 pairs of Danshen plants each field plot. Fifteen 
harvesting time points, including 90, 120, 160, 180, 250, 290, 310, 400, 460, 540, 580, and 
650 days after planting, were selected over the two year cultivation period. The field plots 
were monitored and maintained in weed management, fertilisation and irrigation, which are 
described in Chapter 2.1.5. The protocol of the harvesting time trial design is described in 
Chapter 2.1.4.2.  
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6.2.1.5 Investigation of flowering period 
Four plant-pairs in each field plot and a total of 12 plant-pairs in three replicate plots were 
selected to observe the flowering period of Danshen under local climatic conditions. Four 
inflorescences in each field plot from separate plant-pair and a total of 12 inflorescences in 
three replicate field plots were selected to observe when the inflorescences were in full bloom 
(i.e. when roughly 75 to 90% of flowerets were in bloom). Each observation was performed at 
an interval of a half-month. 
 
6.2.1.6 Harvesting and field data collection 
The harvesting was conducted at 15 harvesting time points over two years as scheduled. Each 
time one plant-pair was randomly harvested from each of three replicate field plots, which 
were randomly selected from the six replicate field plots. The growth features, including 
number of leaves, number of side branches, weight of aerial parts, and numbers of small roots 
(2 mm ≤ diameter < 6 mm) and large roots (diameter ≥ 6 mm), maximum root length, 
maximum root diameter and weight of roots, were measured and recorded. After data 
collection, the fresh roots were air dried for subsequent chemical analysis.  
 
6.2.1.7 Analysis of field data  
The details of the analysis of growth parameters are described in Chapter 2.1.7. Standard error 
(SE) was used to evaluate the variation of growth parameters in each of the growth features 
for three replicate plant-pairs collected from each of the 15 harvesting time points.  
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6.2.2 Chemical analysis 
6.2.2.1 Herbal raw materials 
Twelve batches of Danshen samples were collected, each at a different harvesting time point. 
Each sample was a mixture of roots from three plant-pairs harvested from each of three 
replicate field plots. These samples were identified according to their harvesting times as 
follows: D90 (i.e. harvested at 90 days after planting), D120, D160, D180, D250, D290, D310, 
D400, D460, D540, D580 and D650.  
 
6.2.2.2 Instruments 
Two major instruments were used in this study, including Accelerated Solvent Extractor 100 
(ASE 100, Dionex, U.S.A.) and Shimadzu HPLC system (Shimadzu, Japan). The details of 
these instruments are described in Chapter 2.2.2.1, 2.2.2.3. 
 
6.2.2.3 Reagents and chemicals 
The details of reagents and chemicals are described in Chapter 2.2.3. 
 
6.2.2.4 Quantitative determination using HPLC 
6.2.2.4.1 Herbal extraction and preparation 
The protocols of herbal extraction and preparation are described in Chapter 2.2.4.1, 2.2.5.1. 
Briefly, one gram fine powder of each sample was extracted with methanol or MillQ water as 
extraction agents in an Accelerated Solvent Extractor (ASE 100, Dionex, U.S.A.). After 
filtration with a 0.45 µm PTFE or acetate syringe filters, the methanol and aqueous extracts 
were stored at -20ºC as stock solutions. The methanol extract was re-sonicated then diluted 20 
times using methanol, and the aqueous extract was re-sonicated then diluted 5 times using 
acetonitrile for HPLC injection. 
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6.2.2.4.2 Preparation of standard references 
Reference stock solutions of cryptotanshinone, tanshinone I tanshinone IIA and salvianolic 
acid B were prepared in the concentrations of 1 mg/ml, 46 µg/ml, 100 µg/ml and 100 µg/ml 
respectively, and stored at -20 °C in the dark. The protocols of standard reference preparations 
are described in Chapter 2.2.5.2. 
 
6.2.2.4.3 Chromatographic conditions 
The Shimadzu Model SCL-10Avp HPLC system (Shimadzu, Japan) equipped with a 
Shimadzu Model SPD-M10Avp photodiode array detector was used to perform HPLC 
analysis. A RP C18 column (ODS II, 5 µm, 250 mm × 4.6 mm, Phenomenex, U.S.A) was 
employed to separate cryptotanshinone, tanshinone I and tanshinone IIA in methanol extract, 
and salvianolic acid B in aqueous extract. The mobile phase consisted of acetonitrile and 
water (65:35) was used to determine three tanshinone markers at the wavelength of 270 nm. 
The gradient elution method was developed for determination of salvianolic acid B with a 
mobile phase consisting acetonitrile and 5% aqueous acetic acid at the wavelength of 281 nm. 
The chromatographic conditions are described in Chapter 2.2.5.3. 
 
6.2.2.5 Chromatographic fingerprinting using HPLC 
6.2.2.5.1 Herbal extraction and preparation 
The procedures of herbal extraction and preparation are described in Chapter 2.2.4.1, 2.2.6.1. 
The stock solution of methanol extract was re-sonicated then filtered with a 0.45 µm PTFE 
syringe filter for direct HPLC injection. The stock solution of aqueous extract was re-
sonicated, diluted 2 times using acetonitrile and then filtered with a 0.45 µm acetate syringe 
filter for HPLC injection. 
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6.2.2.5.2 Preparation of standard references 
The protocols of standard reference preparations are described in Chapter 2.2.5.2. 
 
6.2.2.5.3 Chromatographic conditions 
The chromatographic conditions are described in Chapter 2.2.6.3. A Shimadzu Model SCL-
10Avp HPLC system (Shimadzu, Japan) equipped with a Shimadzu Model SPD-M10Avp 
photodiode array detector was used to perform HPLC analysis. The HPLC chromatographic 
fingerprinting of both methanol and aqueous extracts were obtained using a RP C18 column 
(ODS II, 5µm, 250 mm × 4.6 mm, Phenomenex, U.S.A). 60 min was used for determination 
of chromatograms and 15 min was used for pre-equilibration. The mobile phase consisted of 
acetonitrile and water was used to separate lipid-soluble components in methanol extract in a 
gradient elution and the chromatogram was recorded at the wavelength of 270 nm. The 
gradient elution method was also used for separating water-soluble components in aqueous 
extract with a mobile phase consisting acetonitrile and 1% aqueous acetic acid and the 
chromatogram was recorded at the wavelength of 281 nm.  
 
6.2.2.6 Analysis of chemical data 
Standard deviation (SD) and a relative standard deviation (RSD) were used to evaluate the 
variation of the two repeats of chemical analysis for each root sample. A Scatter/Dot graph 
was generated to evaluate linear correlation between the content of the four marker 
compounds. Their correlation coefficients were analysed by SPSS. The relative peak areas 
were used to classify similarities between chromatographic fingerprints of root samples 
harvested at different growth stages using hierarchical cluster analysis by SPSS. The details of 
analysis on chemical data are described in Chapter 2.2.7.2-3.  
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6.3 Results 
6.3.1 Growth characteristics 
The growth parameters of Danshen plants at 15 harvesting time points over two years of 
cultivation are summarised in Table 6.1. Differences are found in the growth of aerial parts 
and roots at some growth stages of Danshen plants. 
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 Table 6.1 Growth parameters of Danshen plants at 15 different growth stages over two years of cultivation 
Aerial parts 1) Roots 1) 
Number per plant-pair Harvesting 
time 
Duration of 
cultivation 
(Day) Number of leaves per plant-pair 
Number of side 
branches per plant-pair 
Fresh weight 
(g/plant-pair) Small 2) Large 3) 
Maximum 
length (cm) 
Maximum 
diameter (mm) 
Fresh weight 
(g/plant-pair) 
24/11/2004 30 11 ± 0.9 1 ± 0.0 11 ± 2.3 1 ± 0.0 0 7 ± 0.6 2 ± 0.0 5 ± 0.6 
20/01/2005 90 26 ± 2.3 7 ± 0.3 42 ± 2.3 4 ± 0.6 0 11 ± 1.2 3 ± 0.6 10 ± 1.4 
28/02/2005 120 32 ± 0.3 8 ± 1.2 54 ± 6.2 11 ± 0.9 0 19 ± 0.9 8 ± 0.3 29 ± 1.4 
4/04/2005 160 45 ± 6.2 6 ± 0.3 68 ± 14.3 11 ± 2.2 3 ± 0.3 27 ± 1.5 12 ± 0.3 79 ± 4.1 
29/04/2005 180 98 ± 10.8 9 ± 1.9 117 ± 26.6 13 ± 3.1 5 ± 0.7 30 ± 0.3 18 ± 1.4 186 ± 16.5 
27/05/2005 210 113 ± 8.1 11 ± 0.9 166 ± 5.0 12 ± 1.5 10 ± 0.6 32 ± 1.4 19 ± 0.9 267 ± 9.9 
4/07/2005 250 105 ± 6.9 11 ± 1.5 172 ± 5.6 12 ± 1.5 12 ± 0.6 34 ± 1.5 18 ± 0.7 292 ± 8.4 
18/08/2005 290 38 ± 2.4 15 ± 0.9 137 ± 6.9 19 ± 1.7 12 ± 0.9 32 ± 1.7 20 ± 0.6 289 ± 7.6 
8/09/2005 310 42 ± 2.7 22 ± 1.4 228 ± 9.3 24 ± 1.5 13 ± 0.6 29 ± 0.6 18 ± 1.2 286 ± 8.3 
4/10/2005 340 183 ± 6.8 30 ± 1.2 633 ± 30.2 24 ± 0.9 13 ± 0.9 31 ± 1.2 21 ± 1.2 294 ± 9.8 
7/12/2005 400 310 ± 36.1 37 ± 1.8 975 ± 98.0 28 ± 1.3 14 ± 0.9 31 ± 0.3 22 ± 0.6 350 ± 19.6 
10/02/2006 460 303 ± 5.5 38 ± 1.5 1052 ± 35.7 31 ± 0.6 14 ± 0.6 32 ± 0.9 22 ± 0.6 352 ± 6.6 
28/04/2006 540 132 ± 18.3 28 ± 1.3 222 ± 7.3 31 ± 1.7 21 ± 1.5 35 ± 0.9 29 ± 0.7 830 ± 36.0 
8/06/2006 580 n/a n/a n/a 31 ± 1.2 22 ± 1.5 34 ± 0.9 28 ± 0.9 827 ± 20.3 
16/08/2006 650 n/a n/a n/a 33 ± 0.3 21 ± 0.7 31 ± 0.7 27 ± 1.0 817 ± 17.7 
1) Data was calculated from 12 plant-pairs and was shown as mean ± SE; 2) small root: 2 mm ≤ root diameter < 6 mm; 3) large root: root diameter ≥ 6 mm. 
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6.3.1.1 Growth of aerial parts 
Almost all Danshen plants grew only radical leaves but not caulis in the first year. In the 
second year, Danshen plants not only grew radical leaves but also grew caulis and stem leaves 
(Figure 6.1).  
     
 
Figure 6.1 Images of growth of Danshen aerial parts (left: in the first year; and right: in the 
second year). 
 
In the first year, there were two rapid growth stages of aerial parts at 30-90 days and 160-210 
days after planting (Table 6.1). These two stages are shown as a rapid increase in weight of 
fresh aerial parts. Most of the leaves senesced from 250 days onwards, but Danshen plants 
didn’t enter dormancy at this stage (i.e. winter) but with an increase in number of side 
branches (Table 6.1). 
 
In the second year, the rapid growth stage of aerial parts was much earlier than in the first year, 
and occurred at 310-400 days after planting. A large increase in the weight of the fresh aerial 
parts was evident at these stages, and was usually accompanied by large increases in the 
number of leaves and side branches. In the second year, the aerial parts of the Danshen plants 
senesced from 460 days after planting and entered dormancy after 580 days (Table 6.1). 
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6.3.1.2 Growth of roots 
The amount of root growth in the second year was significantly greater than that in the first 
year (Figure 6.2). The root yield was 185.7% higher at 650 days compared with 310 days after 
planting (Table 6.1). In the second year the roots had greater maximum root diameter and 
there was a higher number of large roots. 
 
              
 
Figure 6.2 Images of growth of Danshen roots (left: in the first year; and right: in the second 
year). 
 
In the first year, Danshen roots grew most rapidly between 120 and 210 days as shown by the 
large increase in the weight of fresh roots at this time. Firstly, there was an increase in 
maximum root length and maximum root diameter at 120-180 days, which was followed by 
an increase in the number of large roots at 180-210 days after planting (Table 6.1). The 
optimum harvesting time was established with maximum root yield at 250 days after planting. 
 
In the second year, the Danshen roots grew slowly at first with a small increase in weight 
from 310 to 460 days. More rapid growth occurred from 460 to 540 days with greater 
increases in the weight of fresh roots, the maximum diameter of roots and the number of large 
roots (Table 6.1). Thus, the top root yield was established at 540 days after planting. 
 
5cm 
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6.3.1.3 Reproductive growth 
Only a few Danshen plants performed their reproductive growth in the first year (see Chapter 
6.3.1.1). In general, Danshen plants started to enter a reproductive cycle at 320 days after 
planting in the second year, and were in full bloom at 360-400 days after planting. The 
inflorescence generally flowered for 15 days (Figure 6.3). 
 
     
 
Figure 6.3 Images of Danshen reproductive growth. 
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6.3.2 Qualitative variations of chemical components 
6.3.2.1 Lipid-soluble components  
Eighteen peaks were found as common peaks, according to their relative retention times, 
based on chromatograms of 11 batches of Australian grown Danshen roots harvested at 
different stages of growth (Figure 6.4). Among them, three of the common peaks (peaks 12, 
13 and 15) were identified as cryptotanshinone, tanshinone I and tanshinone IIA respectively 
using standard references. Compared to its Chinese grown reference sample, there was no 
qualitative difference in lipid-soluble components whereas the quantities of main components 
differed (Figure 6.5).  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.4 Representative HPLC chromatogram of methanol extract of Australian grown 
Danshen sample (sample ID code: D120); 1 to 18 were peak no. of the eighteen common 
peaks; mAu in Y axis was a unit of peak area; peaks 12, 13 and 15 were identified as 
cryptotanshinone, tanshinone I and tanshinone IIA respectively.  
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Figure 6.5 HPLC chromatogram of methanol extract of Chinese grown Danshen reference 
sample (sample ID code: HR4); 1 to 18 were peak no. of the eighteen common peaks; mAu in 
Y axis was a unit of peak area; peaks 12, 13 and 15 were identified as cryptotanshinone, 
tanshinone I and tanshinone IIA respectively.  
 
In the chromatograms of the 11 batches of Danshen samples, all the 18 common peaks had 
less than 3% relative standard deviation (RSD) in their relative retention times (Table 6.2). So 
the relative peak localities of these 18 common peaks were stable across the 11 
chromatograms. No non-common peaks were detected in the 11 chromatograms of methanol 
extracts. Therefore, it was evident that no new lipid-soluble components were produced in 
Australian grown Danshen roots over the two years of local cultivation. 
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Table 6.2 Relative retention times of 18 common peaks in HPLC chromatographic 
fingerprinting of methanol extracts of 11 batches of Danshen collected at different growth 
stages  
Relative retention time of common peak 1)  Sample 
ID Peak 1 Peak 2 Peak 3 Peak 4 Peak 5 Peak 6 Peak 7 Peak 8 
D90 0.214 0.459 0.475 0.550 0.573 0.581 0.620 0.657 0.761 0.797 
D120 0.214 0.460 0.476 0.551 0.575 0.583 0.622 0.660 0.762 0.797 
D160 0.215 0.462 0.478 0.554 0.576 0.585 0.623 0.692 0.763 0.798 
D180 0.216 0.463 0.479 0.555 0.577 0.585 0.624 0.657 0.764 0.799 
D250 0.214 0.462 0.477 0.553 0.576 0.584 0.623 0.661 0.763 0.798 
D290 0.215 0.462 0.478 0.554 0.576 0.584 0.623 0.660 0.763 0.798 
D310 0.215 0.461 0.477 0.553 0.576 0.584 0.623 0.661 0.763 0.798 
D400 0.215 0.461 0.478 0.554 0.576 0.584 0.623 0.657 0.763 0.798 
D540 0.209 0.451 0.468 0.546 0.566 0.576 0.612 0.648 0.757 0.793 
D580 0.209 0.451 0.468 0.545 0.566 0.576 0.613 0.649 0.757 0.793 
D650 0.209 0.451 0.468 0.546 0.566 0.576 0.613 0.649 0.757 0.792 
RSD 
(%) 1.23 1.07 0.92 0.66 0.77 0.65 0.76 0.79 0.35 0.33 
Relative retention time of common peak 
Sample 
ID Peak 
9 
Peak 
10 
Peak 
11 
Peak 
12 
Peak 
13 
Peak 
14 
Peak 
15 
Peak 
16 
Peak 
17 
Peak 
18 
D90 0.819 0.849 0.896 1  1.049 1.130 1.135 1.272 1.337 1.643 1.747 
D120 0.820 0.849 0.896 1 1.049 1.130 1.135 1.271 1.336 1.643 1.746 
D160 0.821 0.850 0.897 1 1.049 1.129 1.134 1.270 1.335 1.643 1.746 
D180 0.821 0.850 0.897 1 1.049 1.129 1.134 1.270 1.335 1.642 1.745 
D250 0.820 0.849 0.897 1 1.048 n/a 1.134 1.270 1.335 1.642 1.746 
D290 0.820 0.850 0.897 1 1.048 1.129 1.134 1.270 1.335 1.642 1.745 
D310 0.820 0.850 0.896 1 1.048 1.128 1.134 1.270 1.335 1.642 1.745 
D400 0.820 0.850 0.897 1 1.048 1.129 1.134 1.271 1.336 1.642 1.746 
D540 0.813 0.848 0.889 1 1.045 1.130 1.135 1.275 1.341 1.655 1.763 
D580 0.812 0.848 0.889 1 1.046 1.130 1.135 1.275 1.341 1.655 1.764 
D650 0.811 0.847 0.889 1 1.045 1.130 1.135 1.275 1.341 1.656 1.764 
RSD 
(%) 0.48 0.13 0.38 0 0.14 0.06 0.05 0.16 0.20 0.38 0.47 
1) Data was calculated from duplicate HPLC analysis for each sample and was shown as mean; peak 12 was 
used as an internal standard and its relative retention time was 1; peaks 2, 4 and 14 consisted of two non-
separation peaks (Figure 6.4). 
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6.3.2.2 Water-soluble components  
Ten peaks were identified, according to their relative retention times, as common peaks based 
on the chromatograms of 12 batches of Danshen roots sampled at different stages of growth 
(Figure 6.6). Two common peaks, peak 1 and peak 8, were identified as protocatechuic 
aldehyde and salvianolic acid B respectively using standard references. In comparison with its 
Chinese grown reference sample, there was no qualitative difference in water-soluble 
components whereas the quantities of main components differed (Figure 6.7).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.6 Representative HPLC chromatogram of aqueous extract of Australian grown 
Danshen (sample ID code): D120; 1 to 10 were peak no. of the ten common peaks; mAu in Y 
axis was a unit of peak area; peak 1 and 8 were identified as protocatechuic aldehyde and 
salvianolic acid B respectively. 
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Figure 6.7 HPLC chromatogram of aqueous extract of Chinese grown Danshen reference 
sample (sample ID code: HR4); 1 to 10 were peak no. of ten common peaks; mAu in Y axis 
was a unit of peak area; peak 1 and 8 were identified as protocatechuic aldehyde and 
salvianolic acid B respectively; the peak at a relative retention time of 0.597 was found in 
chromatograms of both Chinese grown Danshen reference sample (HR4) and 11 Australian 
grown Danshen samples (D90, D120, D160 to D650). However, its peak area was very small 
in chromatograms of 11 Australian grown Danshen samples whereas it is far bigger than 
peaks 6, 7 and 10 in the chromatogram of HR4. Therefore, this peak is not a common peak for 
qualitative identification of 11 Australian grown Danshen samples. 
 
In the chromatograms of the 12 batches of Danshen samples, all the 10 common peaks had 
less than 3% relative standard deviation (RSD) in their relative retention times (Table 6.3). So 
the relative peak localities of these 10 common peaks were stable across the 12 
chromatograms. No non-common peaks were detected in the 12 chromatograms of aqueous 
extracts. Therefore, it was evident that no new water-soluble components were produced in 
Australian grown Danshen roots over the two years of local cultivation. 
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Table 6.3 Relative retention times of 10 common peaks in HPLC chromatographic 
fingerprinting of aqueous extracts of 12 batches of Danshen collected at different growth 
stages  
Relative retention time of common peak 1) Sample 
ID Peak 
1 
Peak 
2 
Peak 
3 
Peak 
4 
Peak 
5 
Peak 
6 
Peak 
7 
Peak 
8 
Peak 
9 
Peak 
10 
D90  0.362 0.433 0.540 0.543 0.731 0.774 0.793 0.861 1  1.041 1.208 
D120 0.345 0.414 0.526 n/a 0.714 0.749 0.791 0.847 1 1.043 1.164 
D160 0.353 0.423 0.534 n/a 0.720 0.759 0.789 0.851 1 1.037 1.181 
D180 0.341 0.409 0.521 n/a 0.709 0.742 0.786 0.841 1 1.035 1.153 
D250 0.358 0.429 0.538 0.551 0.727 0.770 0.793 0.857 1 1.040 1.202 
D290 0.357 0.428 0.540 n/a 0.726 0.768 0.789 0.855 1 1.036 1.200 
D310 0.361 0.433 0.542 0.547 0.729 0.775 0.789 0.859 1 1.036 1.212 
D400 0.357 0.428 0.538 0.545 0.725 0.766 0.790 0.855 1 1.039 1.197 
D460 0.351 0.421 0.532 n/a 0.720 0.758 0.790 0.852 1 1.041 1.183 
D540 0.359 0.431 0.539 0.543 0.727 0.772 0.789 0.857 1 1.037 1.209 
D580 0.364 0.437 0.541 0.548 0.731 0.778 0.788 0.859 1 1.034 1.221 
D650 0.368 0.441 0.545 0.552 0.736 0.785 0.798 0.864 1 1.034 1.229 
RSD 
(%) 
2.17 2.18 1.27 0.69 1.06 1.60 0.41 0.73 0 0.28 1.89 
1) Data was calculated from duplicate HPLC analysis for each sample and was shown as mean; peak 8 was used 
as an internal standard and its relative retention time was 1. 
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6.3.3 Content variations of marker compounds 
6.3.3.1 Three tanshinone markers 
6.3.3.1.1 Content correlation between three tanshinone markers 
There were strong positive linear correlations between contents of: tanshinone IIA and 
tanshinone I (r = 0.831, P< 0.01); tanshinone IIA and cryptotanshinone (r = 0.838, P< 0.01) 
but relatively weak positive linear correlation between contents of tanshinone I and 
cryptotanshinone (r = 0.694, P< 0.01) (Figure 6.8). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 249 
(a) 
 
 
 
 
 
 
 
(b)  
 
 
 
 
 
 
 
(c)  
 
 
 
 
 
 
 
Figure 6.8 Content correlations between three tanshinone markers: (a) tanshinone IIA and 
tanshinone I; (b) tanshinone IIA and cryptotanshinone; (c) tanshinone I and cryptotanshinone. 
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6.3.3.1.2 Content variation of three tanshinone markers  
The variation in the content of each of cryptotanshinone, tanshinone I and tanshinone IIA was 
similar over the two years. In the first year, tanshinone IIA and tanshinone I content showed 
two peaks: at 120 days and 290 days after planting. Each of these two compounds also had 
minimum contents at 250 days. In the second year, there was a content peak at 580 days. In 
the case of cryptotanshinone, the variation in content at different growth stages was slightly 
different to that of tanshinone IIA and tanshinone I. It peaked at 180 days in the first year and 
also at 540-580 days in the second year (Figure 6.9).  
 
 
 
 
 
 
 
 
 
 
Figure 6.9 Content variations of three tanshinone markers in Danshen roots collected at 
different growth stages. 
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6.3.3.2 Salvianolic acid B 
6.3.3.2.1 Content correlation between salvianolic acid B and each of three tanshinone 
markers  
Contents of salvianolic acid B were uncorrelated to contents of tanshinone IIA (r = 0.185, P > 
0.05), tanshinone I (r = 0.306, P > 0.05) and cryptotanshinone (r = -0.125, P > 0.05) at 
different growth stages over two-year cultivation (Figure 6.10).  
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(a)  
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Figure 6.10 Content correlations between salvianolic acid B and each of three tanshinone 
markers: (a) salvianolic acid B and tanshinone IIA; (b) salvianolic acid B and tanshinone I; (c) 
salvianolic acid B and cryptotanshinone.  
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6.3.3.2.2 Content variation of salvianolic acid B  
In the first year cultivation, there was great variation in the content of salvianolic acid B at 
different growth stages. There were three content peaks: at 90 days, 250 days and 310 days, 
and a minimum at 180 days. In the second year, the content of salvianolic acid B was more 
stable and was always above 3.00%. There was a peak at 460 days and a minimum at 580 
days (Figure 6.11).  
 
 
 
 
 
 
 
 
 
 
Figure 6.11 Content variation of salvianolic acid B in Danshen roots collected at different 
growth stages.  
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6.3.4 Quantitative variation of main chemical components  
6.3.4.1 Lipid-soluble components 
6.3.4.1.1 Peak area 
6.3.4.1.1.1 Correlations between total 18 common peaks and seven main common peaks 
The total peak area of all 18 common peaks demonstrated  strong positive linear correlations 
with the peak areas of the main common peaks except for peak 8 (unknown compound). 
Peaks 12, 13 and 15, which were identified as cryptotanshinone, tanshinone I and tanshinone 
IIA respectively, were all strongly linearly correlated. They also had strong linear correlations 
with the peak areas of the other main common peaks (except peak 8). The other main 
common peaks (peaks 10, 11 and 14) were also linearly correlated with each other whereas 
there were relatively weak correlations between some of them. Their Pearson correlation 
coefficients are shown in Table 6.4. Therefore, the quantities of the compounds that 
correspond to peaks 10, 11, 12, 13 and 14 are directly related to quantity of tanshinone IIA 
(peak 15). Consequently, only one marker compound (e.g. tanshinone IIA) is needed to 
quantitatively determine the amounts of the other main compounds. 
 
Table 6.4 Pearson correlation coefficients of peak area between total 18 common peaks and 
seven main common peaks 
Peak number Peak 8 Peak 10 Peak 11 Peak 12 Peak 13 Peak 14 Peak 15 
Peak 10 0.647*       
Peak 11 0.339 (UC) 0.737 **      
Peak 12 0.302 (UC) 0.890 ** 0.678 *     
Peak 13 0.325 (UC) 0.747 ** 0.901 ** 0.773 **    
Peak 14 0.047 (UC) 0.627 * 0.935 ** 0.696 * 0.904 **   
Peak 15 0.058 (UC) 0.729 * 0.836 ** 0.857 ** 0.910 ** 0.939 **  
All common 
peaks 
0.258 (UC) 0.836 ** 0.907 ** 0.888 ** 0.950 ** 0.935 ** 0.975 ** 
UC: uncorrelated; * P < 0.05 (2-tailed);** P < 0.01 (2-tailed). 
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6.3.4.1.1.2 Total peak area variation of all 18 common peaks and peak area variations of 
three tanshinone peaks 
In the chromatograms of Danshen roots sampled at 11 different growth stages, total peak area 
of all the 18 common peaks showed a similar pattern of variation to the peak areas of the three 
tanshinone peaks (peaks 12, 13 and 15) (Figure 6.12).  
 
 
 
 
 
 
 
 
 
 
 
Figure 6.12 Variations of total peak area of all 18 common peaks and peak areas of peaks 12, 
13 and 15 in chromatograms of methanol extracts of 11 Australian grown root samples 
collected at different growth stages. 
 
Peak 15 (i.e. tanshinone IIA), peak 12 (i.e. cryptotanshinone) and peak 13 (i.e. tanshinone I), 
accounted for 15.11%, 7.73% and 34.18% respectively of the total peak area of all 18 
common peaks. These three peaks showed similar patterns of variation in their peak areas on 
chromatographic fingerprints of roots sampled at different growth stages (Figure 6.12). In the 
first year, peak 13 and peak 15 showed their highest peak areas at 120 days and 290 days after 
planting; each of them showed a minimum peak area at 250 days. In the second year, both had 
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a maximum at 580 days. The peak area variation of peak 12 at different growth stages showed 
some slight differences in comparison with peaks 13 and 15. Peak 12 had a maximum at 180 
days in the first year. In the second year the peak area gradually decreased (Figure 6.12). 
These variations in the peak areas of peaks 12, 13, and 15 were very similar to the variations 
found in the quantitative determination (w/w) of the three tanshinone markers (see Chapter 
6.3.3.1.2). Therefore these two methods directly correspond and can both be used to 
determine the content of marker compounds. 
 
6.3.4.1.1.3 Peak area variations of peaks 10 and 14: unknown compounds 
Peak 10 and peak 14 correspond to major unknown compounds in Danshen roots. They 
account for 6.36% and 18.47% of the total peak area of all common peaks respectively. The 
variation in their peak areas at different growth stages was similar to that for peak 15 (Figure 
6.13). Therefore this chromatographic method can be used to determine the content of 
unknown, non-marker compounds. 
 
 
 
 
 
 
 
 
 
 
Figure 6.13 Variation of peak areas of peaks 10 and 14 in chromatograms of methanol 
extracts of 11 Australian grown root samples collected at different growth stages. 
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6.3.4.1.2 Relative peak area 
The variation in the relative peak areas of seven main common peaks in the chromatographic 
fingerprints of 11 Danshen batches sampled at different growth stages is shown in Table 6.5. 
Peak 12 (cryptotanshinone) is used as the internal standard since it is a marker compound that 
has a consistently high peak area and is located in the mid region of the chromatogram.  
 
Table 6.5 Relative peak areas of seven main common peaks in HPLC chromatographic 
fingerprinting of methanol extracts of 11 batches of Danshen collected at different growth 
stages 
Relative peak area of main common peak 1) 
Sample ID 
Peak 8 Peak 10 Peak 11 Peak 12  Peak 13  Peak 14 Peak 15  
D90  0.203 0.361 0.123 1  0.523 1.177 2.562 
D120 0.183 0.409 0.201 1 0.512 1.753 2.837 
D160 0.182 0.407 0.151 1 0.481 1.443 2.960 
D180 0.190 0.385 0.080 1 0.291 0.668 1.696 
D250 0.192 0.426 0.235 1 0.747 2.085 3.206 
D290 0.194 0.381 0.137 1 0.459 1.027 2.057 
D310 0.214 0.369 0.170 1 0.621 1.562 2.667 
D400 0.200 0.324 0.103 1 0.362 0.785 1.670 
D540 0.633 0.648 0.175 1 0.529 0.862 1.530 
D580 0.493 0.506 0.205 1 0.635 1.274 2.100 
D650 0.400 0.466 0.177 1 0.714 1.589 2.506 
RSD (%) 55.64 20.95 29.08 0 26.03 34.06 24.21 
1) Data was calculated from duplicate HPLC analysis for each sample and was shown as mean; peak 12 was 
used as an internal standard and its relative peak area was 1. 
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The quantitative relationship between the relative peak areas of the main peaks was not 
consistent over the various growth stages. Hierarchical cluster analysis was used to determine 
whether there was any systematic variation in relative peak area. It found four groups based 
on similarity in chromatographic fingerprint. Samples in the first year tended to be similar but 
no consistent relationship with growth stage was evident (Figure 6.14). Therefore, the 
hierarchical cluster analysis might be used to evaluate herbal quality using relative peak area 
as a parameter. 
 
 
 
 
 
 
 
Figure 6.14 Hierarchical cluster analysis of relative peak areas in HPLC chromatographic 
fingerprinting of 11 Australian grown root samples collected at different growth stages (D90 
to D650 were sample ID codes; 0, 5 and 10 to 25 represented the distance between the 
chromatographic fingerprinting of each of the root samples). 
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6.3.4.2 Water-soluble components  
6.3.4.2.1 Peak area correlations between total 10 common peaks and six main common 
peaks 
Total peak area of all 10 common peaks was found to have strong positive linear correlations 
with peaks 2, 3, 4, 5 and 8 and a relatively weak positive linear correlation with peak 7. 
Moreover, peak 8 (i.e. salvianolic acid B) was strongly linearly correlated with peak areas of 
peaks 3, 4 and 5 and relatively weakly linearly correlated with peak areas of peaks 2 and 7. 
There were also some strong linear correlations between the other five peaks. The Pearson 
correlations are shown in Table 6.6. 
 
Table 6.6 Pearson correlation coefficients of peak area between total 10 common peaks and 
six main common peaks 
Peak number Peak 2 Peak 3 Peak 4 Peak 5 Peak 7 Peak 8 
Peak 3 0.821 **      
Peak 4 0.595 * 0.668 *     
Peak 5 0.890 ** 0.920 ** 0.546 (UC)    
Peak 7 0.274 (UC) 0.574 (UC) 0.412 (UC) 0.377 (UC)   
Peak 8 0.678 * 0.911 ** 0.739 ** 0.846 ** 0.658 *  
All common 
peaks 
0.717** 0.935 ** 0.734** 0.875 ** 0.646* 0.997 ** 
UC: uncorrelated; * P < 0.05 (2-tailed);** P < 0.01 (2-tailed). 
 
Therefore, the quantities of the compounds that correspond to peaks 2, 3, 4, 5 and 7 are 
directly related to quantity of salvianolic acid B (peak 8). Consequently, only one marker 
compound (i.e. salvianolic acid B) is needed to quantitatively determine the amounts of the 
other main compounds. 
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6.3.4.2.2 Total peak area variation of all 10 common peaks and peak area variations of 
peaks 8 and 5  
The total peak areas of all 10 common peaks in the chromatograms of 12 batches of Danshen 
root samples varied greatly according to growth stage. The total peak area of the 10 common 
peaks was highest at 90 days after planting and then declined steadily to a minimum at 180 
days of growth. There was a second peak at 250 days followed by a decline to 290 days. In 
the second year, the total peak area was fairly constant at a relatively high level until 460 days 
(Figure 6.15). 
 
 
 
 
 
 
 
 
 
Figure 6.15 Variations of total peak area of all 10 common peaks and peak area of peak 8 in 
chromatograms of water extracts of 12 Australian grown root samples collected at different 
growth stages. 
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In chromatograms of aqueous extracts, peak 8 (i.e. salvianolic acid B) is the dominant peak. It 
accounted for 82.25% and above of the total peak area in the 12 batches of Danshen samples. 
The variation of its peak area at different harvesting times was similar to that of the total peak 
area of all 10 common peaks (Figure 6.16). This result was similar to that in quantitative 
determination of salvianolic acid B (see Chapter 6.3.3.2.2). Peak 5 (unknown compound) 
accounted for at least 4.51% of total peak area and its variation was very similar to peak 8 
(Figure 6.15). 
 
 
 
 
 
 
 
 
        
 
 
Figure 6.16 Variation of peak area of peak 5 in chromatograms of aqueous extracts of 12 
Australian grown root samples collected at different growth stages. 
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6.4 Discussion 
In China, Danshen generally has a period of rapid growth of aerial parts from 90 to 120 days, 
followed by a period of slow growth of aerial parts, which follows the period after 
reproductive growth. Then the plants enter winter dormancy (Jiang and Wei, 2004). However, 
in the current study, Danshen plants had a period of rapid growth of aerial parts from 160 to 
210 days after planting, which was much later than that in China. There are some possible 
reasons for this difference. Firstly, Australian Danshen plants were established by seed rather 
than root segment or rhizome division. Therefore, time is required for the young seedlings to 
become established. There was a period of rapid growth at 30-90 days but the plants were still 
relatively small. Secondly, the period 90 to 120 days corresponds to January and February in 
Australia when the heat and dryness is most intense. Despite irrigation, the plants did not 
grow quickly at this stage. Instead, the most rapid growth period was in autumn (April, May) 
when the temperatures were more moderate and the rainfall increased. In China, Danshen 
plants tend to flower after 120 days but in Australia flowers were rare among Danshen plants 
in the first year. It is likely that this is because the seeds were not vernalised and seedlings 
from such seeds do not flower in the first year (Sheng et al., 1998).  
 
In the winter of the first year of cultivation, the monthly average temperature was above 10 ºC 
at the cultivation site, thus the Danshen plants kept growing without dormancy. In the second 
year, the rapid growth of aerial parts was much earlier than in the first year, and occurred at 
310-400 days (September-December). There are a number of probable reasons for this. The 
plants had not become dormant in winter, so growth commenced in early spring as the 
temperature increased and while the soil remained moist from the winter rains. Also, the 
plants had continued to grow slowly over winter so were relatively large when spring 
commenced. Based on these findings, the best planting time for Danshen in the local area 
should be earlier than that in our study. Planting in early spring would be likely to allow more 
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growth in the first year.  
 
The locally grown Danshen plants entered dormancy in the second year from 580 days after 
planting (i.e. June). One possible reason is that plants are more resistant to dormancy in the 
first year but readily become dormant in the second year. This is a growth feature of Danshen. 
Alternatively, the second year dormancy might be due to the monthly average temperature at 
the cultivation site being lower than 10 ºC in the second year but not in the first year.  
 
In China, the roots grow most rapidly after the maturity of the seeds. This generally occurs at 
140-200 days after planting. At this stage, there is a lag in the growth of the aerial parts (Jiang 
and Wei, 2004, Sun et al., 2005). In the present field trial, the rapid growth of roots was nearly 
synchronous with the rapid growth of aerial parts, at roughly 160-210 days after planting. 
This was because there was no period of reproductive growth of Danshen plants in the first 
year. In the second year, Danshen plants rapidly grew roots after 460 days. At this stage most 
of the plants had completed their reproductive growth. This result was very similar to that 
observed in Chinese grown Danshen plants (Jiang and Wei, 2004). 
 
In previous studies Danshen roots were reported to have high tanshinone IIA content in the 
mid to late autumn in China (i.e. October and November) (Huang and Yang, 1980, Wang et al., 
2004b, Han and Liang, 2005). In this study, the content peaks of cryptotanshinone, tanshinone 
I and tanshinone IIA in Australian grown Danshen roots occurred at 180 days and 290 days 
after planting in the first year, and at 580 days in the second year. These growth stages were in 
the late autumn and late winter in Australia. This result was very similar to that obtained from 
Chinese grown Danshen (Wang et al., 2004b).  
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The contents of cryptotanshinone, tanshinone I and tanshinone IIA were higher in the first 
year than in the second year. This was due to the greater growth of Danshen roots in the 
second year. The highest content of cryptotanshinone, tanshinone I and tanshinone IIA was at 
120 days after planting, while the plants only had very small roots with a diameter of 0.8 cm. 
Since these bioactive ingredients are mainly found in the epidermis and phloem, but not in the 
xylem of the roots (Deng and Li, 2005, Zeng et al., 2006b), and small roots have more surface 
area of epidermis and phloem than large roots (Chen, 1983), their tanshinone content is 
always higher. However, younger roots did not always have a higher content of 
cryptotanshinone, tanshinone I and tanshinone IIA. Danshen roots harvested at 90 days had 
lower content of these bioactive ingredients than those harvested at 120 days. Therefore, the 
tanshinone content is also low in very young roots.  
 
Strong positive linear correlations were found between the contents of the three tanshinone 
markers. Therefore, the contents of cryptotanshinone and tanshinone I could be calculated 
using a calibration equation based on the content of tanshinone IIA alone. This may be why 
tanshinone IIA was selected as the main marker compound in the Chinese Pharmacopoeia.  
 
Australian grown Danshen roots had a content peak for salvianolic acid B at 250 days. This 
was similar to Chinese grown Danshen roots. This stage was in the middle of winter in 
Australia. Another finding was that young seedlings had the highest content of salvianolic 
aicd B in their roots. This result was very similar that in the study of Han et al. (2005). In the 
second year, the content of salvianolic acid B at different growth stages always remained at 
the relatively high level of more than 3.00%. Danshen roots grown longer could accumulate a 
higher content of salvianolic acid B. There was no correlation between the contents of 
salvianolic acid B and tanshinone IIA over the two years of cultivation. One reason is that 
these two bioactive ingredients are not related chemically, one being lipid-soluble and the 
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other water-soluble, and there is no reason to suspect they play similar roles in the physiology 
of Danshen. In addition, these compounds are found in different parts of the roots.  
 
The variation in the marker compounds in Danshen roots could be used in the selection of the 
optimum harvesting times in Australia. The lowest tanshinone IIA content was found at 250 
days after planting, when Danshen plants were producing the maximum growth of aerial parts 
and roots. Danshen roots achieved the highest tanshinone IIA content at 290 days when the 
senescence of leaves was most evident. In contrast, the highest salvianolic acid B content was 
found at 250 days, when Danshen plants were producing maximum growth of aerial parts and 
roots. The lowest salvianolic acid B content in Danshen roots was at 290 days. In order to 
produce a high content of tanshinones, especially tanshinone IIA in the roots, Danshen plants 
should be grown for only one year. Contrarily, to produce salvianolic acid B, Danshen plants 
might be grown more than one year to obtain a higher root yield.  
 
In China, the relative retention times of common peaks in chromatograms are often used to 
perform qualitative identification in multiple herbal batches (Yang et al., 2003, Hu et al., 
2005b). In the current study, a total of 18 common peaks in the chromatograms of 11 batches 
of methanol extracts and 10 common peaks in the chromatograms of 12 batches of aqueous 
extracts were employed in the qualitative analysis of the chromatographic fingerprints using 
relative retention times. The results showed good stability in the relative peak localities with 
less than 3% of RSDs in chromatograms of both methanol extracts and aqueous extracts. 
Moreover, it was demonstrated that there was no qualitative variation in the chemical 
ingredients of Danshen roots over the two years of cultivation in Australia.  
 
There are no published reports on HPLC chromatographic fingerprinting being used in 
Danshen to evaluate the variation of the main common peaks or the main bioactive 
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ingredients at different growth stages. In this study, the main bioactive ingredients showed 
similar variation in content at different growth stages. This was because strong positive linear 
correlations based on the peak area of the main common peaks were found. For lipid-soluble 
components, the three tanshinone markers strongly correlated with each other as well as with 
other main peaks. In water-soluble components, salvianolic acid B was by far the dominant 
compound and it strongly correlated linearly with most main peaks. Therefore when using 
HPLC to quantitatively evaluate Danshen samples, it is sufficient to use one lipid soluble and 
one water soluble marker compound – tanshinone IIA and salvianolic acid B respectively. 
 
Considerable variation was found in the relative contents of the main peaks at different stages 
in growth. Therefore, when relative peak area is used to evaluate the consistency of assayed 
batches the samples must be harvested at the same growth stage in order to be comparable.  
 
In conclusion, Danshen showed great variations in its growth characteristics at different 
growth stages over two years of cultivation. There were no qualitative differences in chemical 
compounds over two years of local cultivation but the quantities of the four marker 
compounds and main non-marker compounds differed greatly. Strong positive linear 
correlations were found not only between six main peaks (e.g. three tanshinone markers) in 
chromatograms of methanol extracts and but also between peak 8 (i.e. salvianolic acid B) and 
each of most five main peaks in chromatograms of aqueous extracts. It is sufficient to use 
tanshinone IIA and salvianolic acid B to quantitatively control Danshen quality. When the 
production of tanshinones and root yield are considered, an optimum harvesting time is at 290 
days (i.e. in the mid of August) while the senescence of Danshen leaves. When the salvianolic 
acid B and root yield is the selection criterion, the optimum harvesting time is at 250 days (i.e. 
early July) while Danshen plants had their maximum growth of aerial parts. Danshen 
maximally grew one year for producing a high content of tanshinones; in contrary, it could be 
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grown two years to obtain high level of salvianolic acid B and more root yield than one-year 
herb.   
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Chapter Seven 
 
Effects of Different Plant Densities on the Vegetative Growth of 
Danshen and Contents of Four Marker Compounds  
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7.1 Background 
As mentioned in Chapter 5, the variety V4 showed second highest root yield (325 g/plant-pair) 
and an acceptable level of salvianolic acid B content (3.75%, w/w) but tanshinone IIA content 
was found to be below standard level (0.133%, w/w). In this Chapter, studies on optimum 
plant densities to improving root yield and the contents of three tanshinone markers and 
salvianolic acid B were described.  
 
Plant density has a large impact on the growth of Chinese herbs. It affects ambient 
environmental conditions under which each plant grows in a number of ways including the 
intensity of sunshine and the availability of nutritive substances in soils (Chinese State Food 
and Drug Administration, 2002). An optimum plant density not only increases herbal yield, 
but also the contents of bioactive ingredients in medicinal parts (Liu et al., 2006b, Yu et al., 
2006). Moreover, a standardised plant density is one of decisive variables in ensuring 
uniformity of contents of bioactive ingredients in herbal raw materials (Chinese State Food 
and Drug Adminstration, 2000). 
 
Liu et al. (2003) conducted a study employing seven plant densities to determine an optimum 
plant density for Danshen production in Shangluo district of Shanxi province. The result 
showed that root yield of individual plant was not negatively correlated with plant density 
across the density range. Instead, a density of 25 × 25 cm produced the highest root yield per 
plant, 20% higher than that for 35 × 30 cm and 60% higher than that for 35 × 25 cm (Liu et al., 
2003). 
 
Currently, more attention is directed to the effect of plant density on the herbal quality 
including the appearance of the herb, and the contents of bioactive ingredients (Sheng et al., 
2006, Wang et al., 2004a). Different plant densities were demonstrated to have various effects 
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on contents of tanshinone IIA and danshensu in Danshen roots mostly via influencing the 
number of lateral roots, the diameter of main roots, and the epidermis area of roots. Both 
tanshinone IIA and danshensu had the highest content at the plant density of 25 × 20 cm. In 
contrast, each of these compounds is lowest at densities of 25 × 25 cm and 35 × 25 cm 
respectively (Liu et al., 2003). 
 
A relatively high plant density is traditionally used in the Danshen primary production areas 
for Danshen in China. A row spacing of 25 cm or 30 cm is usually employed. Plant spacing is 
generally 20 cm or 25 cm (with 30 cm seldom being used) (Jiang and Wei, 2004, Wang et al., 
2003c). Results obtained by Liu et al. (2003) supported the use of this plant density in 
improving the content of tanshinone IIA.  
 
This study was focused on determining the effects of different plant densities on vegetative 
growth and the contents of three tanshinone markers and salvianolic acid B in roots of 
Danshen variety V4 in order to select optimum plant densities to produce high root yield and 
high contents of these marker compounds in local cultivation of Danshen. 
 
7.2 Materials and methods 
7.2.1 Field trial 
7.2.1.1 Site selection 
The cultivation site, situated at NMIT, was employed for the plant density trial.  
 
7.2.1.2 Source of Danshen seeds  
A batch of Danshen seeds (seed ID code: S4), which was collected from the Shangluo district 
of Shanxi province, was used in this plant density trial.   
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7.2.1.3 Propagation of Danshen seedlings 
Danshen seedlings were propagated by seeds in greenhouses at NMIT. The method of 
propagation of Danshen seedlings are described in Chapter 2.1.3. 
 
7.2.1.4 Field trial design and maintenance 
The experiment was laid out as a completely randomised design with three replicates, giving a 
total of 18 field plots in six plant densities, including 30 × 20 cm (row spacing × plant 
spacing), 30 × 30 cm, 30 × 40 cm, 45 × 20 cm, 45 × 30 cm and 45 × 40 cm. Row spacing was 
defined as a space between two rows and plant spacing was defined as a space between two 
plants within a row. The details of field trial design and maintenance are described in Chapter 
2.1.4.3, 2.1.5. 
 
7.2.1.5 Determination of percentage of ground coverage 
Ground coverage in each field plot was determined from digital photographs of each of the 18 
field plots in late April 2005. Briefly, each digital image was subdivided into small squares 
each square with a size of 1 × 1 mm, and the % coverage was estimated for each square and 
subsequently summed. 
 
7.2.1.6 Harvesting and field data collection  
The harvesting was conducted twice, at 310 days (in early September 2005) and 650 days (in 
the mid of August 2006) after seedling transplantation. Four plant-pairs were harvested per 
field plot each time. A total of 12 plant-pairs were randomly harvested for each plant density. 
The growth features for each plant-pair, including plant height, number of side branches, fresh 
weight of aerial parts, number of roots (diameter ≥ 6 mm), maximum root length, maximum 
root diameter and fresh weight of roots, were measured and recorded. After data collection, 
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the fresh roots were air dried for subsequent chemical analysis. The details of the harvesting 
and field data collection are described in Chapter 2.1.6.  
 
7.2.1.7 Analysis of field data 
Standard error (SE) was used to evaluate the variation of growth parameters in each of the 
growth features for 12 replicate plant-pairs collected from each of the six plant densities. The 
growth parameters were analysed by a Two-Way ANOVA to test whether there were any 
significant differences (P < 0.05) between the six density treatments and also the replicates. A 
treatment × replicate term was also generated to reveal any significant interaction between the 
treatments and replicates. The root yield in each field plot was determined by both root yield 
of single plant-pair and number of plant-pairs in each field plot, and was represented as g/m2. 
The details of analysis of growth parameters are described in Chapter 2.1.7. 
 
7.2.2 Chemical analysis 
7.2.2.1 Herbal raw materials 
Each sample consisted of pooled root segments from the four plant-pairs. These samples were 
identified as follow sample ID codes: 30 × 20 cm 1-3; 30 × 30 cm 1-3; 30 × 40 cm 1-3; 45 × 
20 cm 1-3; 45 × 30 cm 1-3 and 45 × 40 cm 1-3. The details of herbal raw materials are 
described in Chapter 2.2.1.2.  
 
7.2.2.2 Instruments 
Two major instruments, including an Accelerated Solvent Extractor 100 (Dionex, U.S.A.) and 
Shimadzu HPLC system (Shimadzu, Japan), were employed in the quantitative analysis of the 
four marker compounds. The details of instruments are described in Chapter 2.2.2.1, 2.2.2.3. 
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7.2.2.3 Reagents and chemicals 
The details of reagents and chemicals are described in Chapter 2.2.3. 
 
7.2.2.4 Quantitative determination using HPLC 
7.2.2.4.1 Herbal extraction and preparation 
One gram of fine powder of each sample was subjected to solvent extraction with methanol or 
MillQ water in an Accelerated Solvent Extractor (ASE 100, Dionex, U.S.A.). After filtration 
with a 0.45 µm PTFE or acetate syringe filters, the methanol and aqueous extracts were stored 
at -20ºC as stock solutions. The methanol extract was re-sonicated then diluted 20 times using 
methanol, and the aqueous extract was re-sonicated then diluted 5 times using acetonitrile for 
HPLC injection. The protocols of herbal extraction and preparation are described in Chapter 
2.2.4.1, 2.2.5.1. 
 
7.2.2.4.2 Preparation of standard references 
The protocols of standard reference preparations are described in Chapter 2.2.5.2. 
 
7.2.2.4.3 Chromatographic conditions 
The Shimadzu Model SCL-10Avp HPLC system (Shimadzu, Japan) equipped with a 
Shimadzu Model SPD-M10Avp photodiode array detector was used to perform HPLC 
analysis. Cryptotanshinone, tanshinone I and tanshinone IIA in methanol extract and 
salvianolic acid B in aqueous extract were separated in a RP C18 column (ODS II, 5 µm, 250 
mm × 4.6 mm, Phenomenex, U.S.A). Acetonitrile and water (65:35) was used as mobile 
phase to determine the three tanshinone markers at the wavelength of 270 nm. Acetonitrile 
and 5% aqueous acetic acid were used as mobile phase in a gradient elution to determine 
salvianolic acid B at the wavelength of 281 nm. The chromatographic conditions are 
described in Chapter 2.2.5.3. 
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7.2.2.5 Analysis of chemical data 
Standard deviation (SD) and a relative standard deviation (RSD) were used to evaluate the 
variation of three replicate data in chemical analysis. The chemical data were analysed by a 
One-Way ANOVA to test any significant differences (P < 0.05) in contents of 
cryptotanshinone, tanshinone I, tanshinone IIA and salvianolic acid B between the six density 
treatments. The details of chemical data analysis are described in Chapter 2.2.7.2. 
 
7.3 Results 
7.3.1 Growth parameters of one-year old plants 
The growth parameters of one-year old plants at six plant densities are summarised in Table 
7.1. Significant differences of growth parameters (P <0.05) were found between the six plant 
densiyies but not the three replicates. Moreover, there was also no significant interaction 
between density treatment and replicate. 
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Table 7.1 Growth parameter of one-year old plants at six plant densities  
Aerial parts 1) Roots 1) 
Plant density 
(row spacing × plant 
spacing) 
Number of 
plant-pairs per 
field plot 
Plant height 
(cm) 
Number of side 
branches per plant-pair  
Fresh weight 
(g/plant-pair) 
Number of roots  
per plant-pair  
(Diameter ≥ 6 mm) 
Maximum 
length (cm) 
Maximum 
diameter 
(mm) 
Fresh weight 
(g/plant-pair) 
30 × 20 cm  49  31 ± 1.9 a  9 ± 0.4 a 110 ± 8.2 a 11 ± 0.4 a 27 ± 0.5 a 13 ± 0.7 a 166 ± 10.7 a 
30 × 30 cm  35 40 ± 2.5 b 13 ±0.3 b, c 222 ± 11.1 b, c, d 14 ± 0.3 c, d 31 ± 0.5 b, c 17 ± 0.4 b 230 ± 9.9 b 
30 × 40cm  28 39 ± 1.3 b 14 ± 0.4 c 195 ± 9.7 b, c  15 ± 0.4 d  32 ± 0.7 c  17 ± 0.3 b 232 ± 10.1 b 
45 × 20 cm  35 30 ± 0.8 a 12 ± 0.3 b 180 ± 14.4 b 12 ± 0.4 a, b 29 ± 0.3 b 13 ± 0.6 a 171 ± 14.0 a 
45 × 30 cm  25 44 ± 1.8 b 13 ± 0.3 b 248 ± 15.5 d 15 ± 0.4 d 32 ± 0.6 c 18 ± 0.5 b 273 ± 9.4 c 
45 × 40 cm  20 45 ± 1.4 b 13 ± 0.3 b 235 ± 13.1 c, d 13 ± 0.5 b, c 30 ± 0.7 b, c 18 ± 0.4 b 272 ± 11.5 c 
1) Data was calculated from 12 plant-pairs and were shown as mean ± SE; a, b, c and d represented different significant groups between six plant densities (P < 0.05).
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7.3.1.1 Plant height  
At the end of the first year cultivation, plants grown at densities of 30 × 30 cm, 30 × 40 cm, 
45 × 30 cm and 45 × 40 cm, transformed from the rosette to a cauline growth habit (i.e. 
growth of erect stem). These plants showed significantly higher plant height than those plants 
grown at plant densities of 30 × 20 cm and 45 × 20 cm (P < 0.05) (Table 7.1). 
 
7.3.1.2 Number of side branches 
The plant density of 30 × 40 cm significantly increased the number of side branches than the 
densities of 30 × 20 cm, 45 × 20 cm, 45 × 30cm and 45 × 40 cm (P < 0.05) but there was no 
significant difference in number of side branches between the densities of 30 × 40 cm and 30 
× 30 cm. In particular, at the highest plant density of 30 × 20 cm, a significantly lowest 
number of side branches were observed (Table 7.1).  
 
7.3.1.3 Fresh weight of aerial parts 
At the highest plant density of 30 × 20 cm, the fresh weight of aerial parts was much lower 
when compared with the other five density treatments. It was generally observed that fresh 
weight might be increased by increasing either plant spacing or row spacing. For example, at 
a row spacing of 30 cm or 45 cm, the fresh weight of aerial parts was increased if the plant 
spacing was increased from 20 to 30 cm. Similarly, only at a plant spacing of 20 cm, the fresh 
weight of aerial parts was increased when the row spacing was increased from 30 to 45 cm 
(Table 7.1).  
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7.3.1.4 Ground coverage  
The result showed great variation of ground coverage across the six plant densities. Field plots 
with higher plant densities possessed high ground coverage than those with lower plant 
densities. For example, the 30 × 20 cm plots had ground coverage of 95% whereas the 45 × 
40 cm plots only had ground coverage of 60% in late April 2005 (Table 7.2). 
 
Table 7.2 Ground coverage at six plant densities 
Plant density  
(row spacing × 
plant spacing) 
30 × 20 cm  30 × 30 cm  30 × 40 cm  45 × 20 cm  45× 30 cm  45 × 40 cm  
 Number of plant-
pairs per field plot 
 49  35  28  35  25  20 
Ground coverage 
(%) 1) 
95 ± 2.9  87 ± 1.7 82 ± 1.7 85 ± 5.0 77 ± 4.4 60 ± 0.0 
1) Data was calculated from three ground coverages in three replicate field plots and was shown as mean ± SE. 
 
7.3.1.5 Number of roots 
At a row spacing of 30 cm or 45 cm, the number of roots was increased if the plant spacing 
was increased from 20 cm to 30 cm. In contrast, at a plant spacing of 20 cm, 30 cm or 40 cm, 
the number of roots was not increased when the row spacing was increased from 30 to 45 cm 
(Table 7.1).  
 
7.3.1.6 Maximum root length 
At a row spacing of 30 cm or 45 cm, the root length was improved if the plant spacing was 
increased from 20 cm to 30 cm. Similarly, only at a plant spacing of 20 cm, the root length 
was improved when the row spacing was increased from 30 to 45 cm (Table 7.1).  
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7.3.1.7 Maximum root diameter 
At the low plant densities of 30 × 30 cm, 30 × 40 cm, 45 × 30 cm, and 45 × 40 cm, the 
maximum root diameter was increased when compared with the other two high plant densities 
of 30 × 20 cm and 45 × 20 cm. There were no significant differences in maximum root 
diameters at each of the low plant densities or at each of the high plant densities. The 30 × 30 
cm density treatment was the optimum plant density to produce larger roots (Table 7.1). 
 
7.3.1.8 Root yield  
The fresh weight of roots per plant-pair varied across the six plant density treatments. High 
plant densities of 30 × 20 cm and 45 × 20 cm produced the significantly lowest root yields (P 
< 0.05), 166 g/plant-pair and 171 g/plant-pair respectively. In contrast, at the low densities of 
45 × 30 cm and 45 × 40 cm, plants produced the significantly highest root yields, 273 g/plant-
pair and 272 g/plant-pair respectively. At the medium plant densities of 30 × 30 cm and 30 × 
40 cm, plants produced root yields of 230 g/plant-pair and 232 g/plant-pair respectively, and 
these root yields were significantly different from those produced at high plant densities or 
low plant densities (Table 7.1). 
 
At a row spacing of 30 cm or 45 cm, the root yield was increased significantly if the plant 
spacing was increased from 20 cm to 30 cm (P < 0.05). In contrast, the root yield was not 
increased significantly when the plant spacing was increased from 30 cm to 40 cm. Similarly, 
at the plant spacing of 20 cm, the root yield was not increased significantly when the row 
spacing was increased from 30 to 45 cm. In contrast, at the plant spacing of 30 cm or 40 cm, a 
row spacing of 45 cm resulted in a significantly higher root yield than a row spacing of 30 cm.  
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When root yield per unit area (e.g. per square meter) was considered, plants grown at 
densities of 30 × 20 cm and 30 × 30 cm produced significantly higher root yield per square 
meter than those grown at the other four densities (P < 0.05), with a root yield of 3.13 kg/m2 
and 3.09 kg/m2 respectively (Table 7.3). Moreover, at each of the other four densities, plants 
also produced significantly different root yields per square meter.  
 
Table 7.3 Root yield of Danshen in fresh weight per square meter at six plant densities 
Plant density 
(row spacing × 
plant spacing) 
30 × 20 cm 30 × 30 cm 30 × 40 cm 45 × 20 cm 45 × 30 cm 45 × 40 cm 
Number of plant-
pairs per field plot 
49 35 28 35 25 20 
Root yield in 
fresh weight 
(g/m2) 1) 
3.13 ± 0.05 e 3.09 ± 0.08 e 2.50 ± 0.02 c 2.30 ± 0.01 b 2.63 ± 0.04 d 2.09 ± 0.18 a 
1) Data was calculated from three replicate field plots and were shown as mean ± SE; a, b, c, d and e represent 
different significant groups between the six plant densities (P < 0.05). 
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7.3.2 Growth parameters of two-year old plants 
The growth parameters of roots of two-year old plants at six plant densities are summarised in 
Table 7.4. There were significant differences of growth parameters (P < 0.05) between the six 
plant densities but not the three replicates. Moreover, no significant interaction was found 
between the density treatment and replicate. 
 
Table 7.4 Growth parameters of roots of two-year old plants at six plant densities  
Number of roots per plant-pair 1) Plant density  
(row spacing × 
plant spacing) 
Diameter 
 ≥ 6 mm 
Diameter  
≥ 10 mm 
Diameter 
≥ 20 mm 
Maximum root 
diameter (mm) 1) 
Fresh weight of roots 
(g/plant-pair) 1) 
30 × 20 cm 20 ± 0.7 a  3 ± 0.3 a  0 a 13 ± 0.3 a 385 ± 12.0 a 
30 × 30 cm 21 ± 0.6 a 6 ± 0.2 b 1 ± 0.1 b, c 21 ± 0.6 b, c 630 ± 13.9 b, c 
30 × 40 cm 22 ± 0.8 a 6 ± 0.2 b 1 ± 0.1 c 21 ± 0.5 c 642 ± 14.5 c 
45 × 20 cm 21 ± 0.8 a 5 ± 0.2 b 0.3 ± 0.1 a, b 19 ± 0.4 b 588 ± 12.2 b 
45 × 30 cm 21 ± 0.7 a 8 ± 0.4 c 3 ± 0.2 d 27 ± 0.3 d 797 ± 16.9 d 
45 × 40 cm 22 ± 0.4 a 8 ± 0.4 c 3 ± 0.2 d 27 ± 0.3 d 807 ± 27.1 d 
1) Data was calculated from 12 plant-pairs and was shown as mean ± SE; a, b, c and d represented different 
significant groups between the six plant densities (P < 0.05). 
 
7.3.2.1 Number of roots 
The six plant densities had a similar effect on the number of roots per plant-pair in the 6 mm 
diameter category. At a row spacing of 30 cm or 45 cm, the number of roots in the 10 mm or 
20 mm diameter category was increased significantly if the plant spacing was increased from 
20 to 30 cm (P < 0.05). Similarly, at a plant spacing of 20 cm, 30 cm or 40 cm, the number of 
roots in the 10 mm diameter category was increased when the row spacing was increased 
from 30 to 45 cm. In contrast, only at a plant spacing of 30 cm or 40 cm, the number of roots 
in the 20 mm diameter category was increased when the row spacing was increased from 30 
to 45 cm (Table 7.4).  
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7.3.2.2 Maximum root diameter 
Plants grown at densities of 45 × 30 cm and 45 × 40 cm produced the significantly largest 
maximum root diameter (P < 0.05) whereas plants grown at the density of 30 × 20 cm 
produced the significantly smallest maximum root diameter. Moreover, there was a significant 
difference in maximum root diameter between the densities of 45 × 20 cm and 30 × 40 cm but 
no significant difference was found between the densities of 45 × 20 cm and 30 × 30 cm 
(Table 7.4). 
 
7.3.2.3 Root yield  
Plants grown at each of the six plant densities produced a much higher root yield in the 
second year than that in the first year with an increased yield ranging from 131.9% to 243.9%. 
The effect of the six plant densities on root yields was similar to that in the first year. However, 
the plant density of 45 × 20 cm had a higher effect on root yield in the second year than that in 
the first year. For example, plants grown at a plant density of 45 × 20 cm showed no 
significant difference in root yield to the plants grown at the plant density of 30 × 30 cm. 
Conversely, they produced significantly greater root yield than the plants grown at a plant 
density of 30 × 20 cm (P < 0.05). Furthermore, at the densities of 45 × 30 cm and 45 × 40 cm, 
plants produced significantly the greatest root yields and there was no significant difference 
between these two densities (Table 7.4). 
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7.3.3 Contents of three tanshinone markers and salvianolic acid B  
The content of cryptotanshinone, tanshinone I, tanshinone IIA and salvianolic acid B (w/w, %) 
were determined based on three replicate batches for each of the six plant density treatments. 
The range between batches variation within each of the six plant density treatments were as 
follows (RSD): 2.27-8.26%, 3.75-10.44%, 3.25-9.36%, and 6.81-10.26% of cryptotanshinone, 
tanshinone I, tanshinone IIA and salvianolic acid B respectively. These three batches were 
combined to determine the average contents of the four marker compounds in each of these 
six plant density treatments, as summarised in Table 7.5.  
 
Table 7.5 Contents of four marker compounds in root samples at six plant densities   
Content of marker compound (w/w, %) 1) 
Sample ID  
Number of 
plant-pair per 
field plot Cryptotanshinone Tanshinone I Tanshinone IIA Salvianolic acid B 
30 × 20 cm 49 0.065 ± 0.003 c  0.040 ± 0.002 c 0.154 ± 0.005 c 2.13 ± 0.19 a 
30 × 30 cm 35 0.080 ± 0.007 d 0.055 ± 0.005 d 0.210 ± 0.020 d 2.24 ± 0.17 a 
30 × 40 cm 28 0.055 ± 0.004 b 0.025 ± 0.003 a 0.079 ± 0.006 a 3.41 ± 0.35 c, d 
45 × 20 cm 35 0.076 ± 0.004 d 0.033 ± 0.002 b 0.115 ± 0.006 b 2.81 ± 0.22 b 
45 × 30 cm 25 0.062 ± 0.001 b, c 0.031 ± 0.001 b 0.118 ± 0.004 b 3.05 ± 0.24 b, c 
45 × 40 cm 20 0.041 ± 0.002 a 0.022 ± 0.001 a 0.077 ± 0.004 a 3.67 ± 0.25 d 
1) Data was calculated from three replicate samples and was shown as mean ± SD; a, b, c and d represented 
different significance groups between six plant densities (P < 0.05). 
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7.3.3.1 Content correlations between marker compounds  
There were strong positive linear correlations between the contents of tanshinone IIA and 
tanshinone I (r = 0.993; P < 0.01), tanshinone IIA and cryptotanshinone (r = 0.776; P < 0.01), 
and tanshinone I and cryptotanshinone (r = 0.808; P < 0.01) (Figure 7.1). Moreover, there 
were strong negative linear correlations between contents of salvianolic acid B and tanshinone 
IIA (r = -0.807; P < 0.01) and salvianolic acid B and tanshinone I (r = -0.797; P < 0.01) but 
relatively weak negative linear correlation between contents of salvianolic acid B and 
cryptotanshinone (r = -0.679; P < 0.01) (Figure 7.2). 
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(a) 
 
 
 
 
 
 
 
 
 
 
 
(b) 
 
 
 
 
 
 
 
 
 
 
  
(c) 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.1 Content correlations between three tanshinone markers: (a) tanshinone IIA and 
tanshinone I; (b) tanshinone IIA and cryptotanshinone; (c) tanshinone I and cryptotanshinone.  
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(a) 
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Figure 7.2 Content correlations between salvianolic acid B and each of three tanshinone 
markers: (a) salvianolic acid B and tanshinone IIA; (b) salvianolic acid B and tanshinone I; (c) 
salvianolic acid B and cryptotanshinone.  
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7.3.3.2 Content variations of three tanshinone markers  
There were significant differences in the contents of cryptotanshinone, tanshinone I and 
tanshinone IIA between root samples grown at some plant densities (Table 7.5). In terms of 
the contents of tanshinone I and tanshinone IIA, the density 30 × 30 cm produced the 
significantly highest contents of tanshinone I (0.055%, w/w) and tanshinone IIA (0.210%, 
w/w) (P < 0.05). In contrast, plants grown at densities of 30 × 40 cm and 45 × 40 cm produced 
significantly the equally lowest contents of tanshinone I (0.025% and 0.022%, w/w) and 
tanshinone IIA (0.079% and 0.077%, w/w). Moreover, in terms of the content of 
cryptotanshinone, plants grown at densities of 30 × 30 cm and 45 × 20 cm produced 
significantly the equally highest contents of cryptotanshinone (0.080% and 0.076%, w/w) 
whereas plants grown at the density of 45 × 40 cm produced the significantly lowest content 
of cryptotanshinone (0.041%, w/w).  
 
At a row spacing of 30 cm, the contents of cryptotanshinone, tanshinone I and tanshinone IIA 
were increased significantly by an increase in plant spacing from 20 cm to 30 cm (P < 0.05). 
In contrast, it was decreased significantly by an increase in plant spacing from 30 cm to 40 cm. 
At a row spacing of 45 cm, the content of cryptotanshinone was decreased significantly by an 
increase in plant spacing both from 20 cm to 30 cm and 30 cm to 40 cm, and the contents of 
tanshinone I and tanshinone IIA was also decreased by an increase in plant spacing from 30 
cm to 40 cm. 
 
Similarly, at a plant spacing of 20 cm or 30 cm, the contents of tanshinone I and tanshinone 
IIA was decreased significantly by an increase in row spacing from 30 cm to 45 cm (P < 0.05); 
whereas, at a plant spacing of 40 cm, the content of tanshinone I or tanshinone IIA did not 
have significant difference between the row spacing of 30 cm and 45 cm. In terms of the 
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content of cryptotanshinone, at a plant spacing of 20 cm, it was increased by an increase in 
row spacing from 30 cm to 45 cm, and in contrast decreased by an increase in row spacing 
from 30 cm to 45 cm at a plant spacing of 30 cm or 40 cm. 
 
Simultaneously, positive relationships might be found between contents of cryptotanshinone, 
tanshinone I, tanshinone IIA and number of plant-pairs grown at six plant densities. Generally, 
plants grown at a higher density produced higher contents of cryptotanshinone, tanshinone I 
and tanshinone IIA in their roots. However, although there were more number of plant-pairs 
per field plot in the 30 × 20 cm versus the 30 × 30 cm treatments, plants grown at the 30 × 20 
cm produced significantly less contents of cryptotanshinone, tanshinone I and tanshinone IIA 
than those grown at the 30 × 30 cm (P < 0.05). Two plant densities, 30 × 30 cm and 45 × 20 
cm, had a same number of plant-pairs per field plot but with different row spacing and plant 
spacing, the latter produced significantly less tanshinone IIA and tanshinone I than the former. 
 
7.3.3.3 Content variation of salvianolic acid B 
The plants showed some significant differences in the content of salvianolic acid B in their 
roots at six plant densities. The 45 × 40 cm and 30 × 40 cm treatments produced equally the 
highest content of salvianolic acid B, at 3.67% (w/w) and 3.41% (w/w) respectively. In 
contrast, the other two treatments 30 × 20 cm and 30 × 30 cm produced equal the lowest 
content of salvianolic acid B whereas the 30 × 30 cm produced the highest content of 
tanshinone IIA. There were three plant densities, 45 × 40 cm, 30× 40 cm and 45 × 30 cm, in 
which the content of salvianolic acid B exceeded the standard reported level (3%, w/w) in 
Chinese Pharmacopoeia (Table 7.5).  
 
There was a strong negative linear correlation (r = -0.829; P < 0.01) between the content of 
salvianolic acid B and the number of plant-pairs per field plot grown at six plant densities. 
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The content of salvianolic acid B generally increased with a decrease in the number of plant-
pairs per field plot.  However, the 30 × 30 cm and 45 × 20 cm treatments had the same 
number of plant-pairs per field plot but with different row and plant spacing, but plants in the 
latter treatment produced significantly more salvianolic acid B than the former (P < 0.05). 
Moreover, at a row spacing of 30 cm or 45 cm, the content of salvianolic acid B was increased 
if the plant spacing was increased from 30 cm to 40 cm; similarly, only at a plant spacing of 
20 cm or 30 cm, the content of salvianolic acid B was increased when the row spacing was 
increased from 30 cm to 45 cm.  
 
7.3.3.4 Yield variation of salvianolic acid B  
Plants grown at the plant densities of 30 × 40 cm and 45 × 30 cm produced significantly 
higher overall yield of salvianolic acid B per square meter than those grown at the plant 
densities of 30 × 20 cm and 45 × 20 cm (P < 0.05). However, plants grown at the plant 
densities of 45 × 40 cm and 30 × 30 cm produced no significant difference in overall yield of 
salvianolic acid B compared with those plants grown at the above four plant densities (Table 
7.6).  
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Table 7.6 Overall yield of salvianolic acid B in Danshen roots at six plant densities 
 
Plant density  
(row spacing × 
plant spacing) 
Number of plant-
pairs per field plot 
Dry matter content of 
fresh roots (w/w, %) 1) 
Dry weight of roots 
(g/plant-pair) 2) 
Yield of salvianolic 
acid B (g/m2) 3) 
30 × 20 cm 49 22.6 ± 0.32  38 ± 2.4  15.0 ± 1.5 a  
30 × 30 cm 35 22.9 ± 0.49 53 ± 2.2 15.8 ± 1.2 a, b 
30 × 40 cm 28 22.6 ± 0.67 52 ± 2.3 19.2 ± 2.5. b 
45 × 20 cm 35 23.0 ± 0.26 39 ± 3.2 14.6 ± 1.5 a 
45 × 30 cm 25 23.6 ± 0.76 65 ± 2.3 18.8 ± 1.0 b 
45 × 40 cm 20 22.1 ± 0.39 60 ± 2.5 16.7 ± 1.5 a, b 
1) Data was calculated from dry matter contents of three replicate samples at each of the six plant densities and 
was shown as mean ± SE (n = 3); 2) Data was calculated from dry weights of roots of 12 plant-pairs at each of 
the six plant densities and was shown as mean ± SE (n = 12); the dry weight of roots for each of the four 
replicate plant-pairs was calculated using a same dry matter content (%); 3) Data was calculated from three 
replicate samples and was shown as mean ± SD (n = 3); the overall yield of salvianolic acid B per square meter 
was calculated from the overall yield of salvianolic acid B per field plot and the size of each field plot (i.e. 2.6 
m2); the overall yield of salvianolic acid B per field plot was determined by the yield of salvianolic acid B per 
plant-pair and number of plant-pairs per field plot; the yield of salvianolic acid B per plant-pair was calculated 
from dry weight of roots per plant-pair and the content of salvianolic acid B (w/w) at each of the six plant 
densities. 
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7.4 Discussion 
A previous study found that an excessively high plant density usually restrain the growth of 
aerial parts, and an excessively low plant density may lead to the inefficient use of land (Liu 
et al., 2003). In one-year old plants, there was significant difference in the weight of aerial 
parts between the highest plant densities of 30 × 20 cm and the other five plant densities (P < 
0.05).  At a row spacing of 30 cm or 45 cm, there was no significant difference in the weight 
of fresh aerial parts between the plant spacing of 30 cm and 40 cm. In addition, only at a plant 
spacing of 20 cm, the weight of fresh aerial parts was increased when the row spacing was 
increased from 30 cm to 45 cm. Therefore the plant density of 30 × 30 cm allowed sufficient 
space for the growth of aerial parts at the end of the first year cultivation. No evidence was 
available in our study concerning which plant density was optimum for the growth of aerial 
parts at different growth stages in the first year and the second year because detailed data 
could not be collected for each growth stage. However, field plots with higher plant densities 
possessed higher ground coverage than those with lower plant densities in the first year 
cultivation.  
 
Observations made at the end of the first year cultivation showed that excessively high plant 
densities of 30 × 20 cm and 45 × 20 cm caused a delay in the growth of Danshen stems and 
30 × 20 cm caused another delay in the growth of side branches of plants. These phenomena 
could be due to the following main factors. 1) Reduction of photosynthesis: high plant density 
often results in mutual shading, which diminishes light interception and carbon dioxide (CO2) 
uptake to support photosynthesis in the leaves. Therefore, the reduced photosynthate levels 
directly affect vegetative growth. For example, slower root growth will affect water and 
nutrient uptake, and further retard the growth of aerial parts (Liu et al., 2003). 2) Competition 
for aerial space: excessively high plant density usually leads to poor air circulation in herbal 
populations and increases the air temperature in the microenvironment. This has a retarding 
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effect on the growth of both aerial parts and roots (Liu et al., 2003). 3) Competition for 
underground resources: excessively high plant density also results in less availability of 
underground space, fewer nutrients and less availability of underground water. This restricts 
root growth and in turn has an effect on the growth of aerial parts (Liu et al., 2003, Yang et al., 
2000). It was evident that the growth of the aerial parts of Danshen plants was affected by the 
microenvironments, both above and below ground, which were mainly affected by the used 
plant densities. 
 
When plant spacing was considered, the root yield varied greatly in one-year old plants when 
they were grown at the plant spacing of 20 cm and 30 cm. Plants grown at the densities of 30 
× 20 cm and 45 × 20 cm were found to significantly produce the lowest weight of roots (P < 
0.05). Root growth appeared to be affected by competition for light and space, as discussed 
above (Yang et al., 2000, Liu et al., 2003). In contrast, plants grown at the densities of 45 × 30 
cm and 45 × 40 cm significantly produced the highest root yields per plant-pair due to 
effective photosynthesis and sufficient availability of nutrients. However, the root yield did 
not necessarily increase with increasing of plant spacing, because there was no significant 
increase in root yield between densities of 45 × 30 cm and 45 × 40 cm. Therefore, it appeared 
that at a plant density of 45 × 30 cm there was sufficient space, light, water and nutrients for 
maximum root production. In addition, similar observations were made for the 30 × 30 cm 
and 30 × 40 cm treatments, indicating that there may be little value in increasing plant spacing 
from 30 cm to 40 cm.  
 
When row spacing was considered, at a plant spacing of 30 cm or 40 cm, the root yield varied 
greatly in one-year old plants when they were grown at the row spacing of 30 cm and 45 cm. 
Plants grown at a density of 45 × 30 cm significantly produced higher root yield than a 
density of 30 × 30 cm. Since the density of 45 × 30 cm had more space, light, water and 
 292 
nutrients for maximum root production than the density of 30 × 30 cm. In addition, similar 
observation were made for the density of 45 × 40 cm and 30 × 40 cm treatments, indicating 
that there may be more value in root yield in increase row spacing from 30 cm to 45 cm. 
Therefore, the plant density 45 × 30 cm may be an optimum density to produce maximum 
root yield per plant-pair and utilize land reasonably. 
 
High root yield per unit area (e.g. per square meter) can not necessarily be produced by high 
root weight per plant-pair but was determined by both the root yield of a single plant-pair and 
the number of plant-pairs grown in per unit area. There was lack of information in published 
literatures on root yield per unit area. In this study, plants grown at the density of 45 × 30 cm 
produced 2.63 kg/m2 root yield whereas plants grown at 30 × 30 cm significantly produced 
higher root yield (3.09 kg/m2). The plant density of 30 × 30 cm may be selected as an 
optimum plant density in local Danshen production, since plants grown at this density 
produced the equal highest root yield per square meter and also produced high quality herbs in 
term of their root diameters which was 17 mm maximum. Even though plants grown at the 
density of 30 × 20 cm, also produced the equal highest root yield per square meter, it was 
excluded as an optimum density due to the lower quality of the herb in terms of root diameter, 
which was only 11 mm maximum (The State Pharmacopoeia Commission of People's 
Republic of China, 2005).  
 
When the root yield results of the six density treatments from the one-year and two-year old 
plants were compared, it was obvious that the relative rankings of the treatments were highly 
consistent. However, the plant density of 45 × 20 cm was found to have more effect on root 
yield of two-year old plants than that of one-year old plants. It was shown mainly with 
significant more increases of maximum root diameter and number of roots with a root 
diameter of ≥10 mm than the plant density of 30 × 20 cm. Because the row spacing of 45 cm 
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might improve the transverse growth (i.e. across the space between rows) of lateral roots in 
two-year old plants (Liu et al., 2003).  
 
Danshen roots grown at different plant densities had variable contents of the three tanshinone 
markers. A positive relationship between number of plant-pairs per field plot and tanshinone 
content was found. This was mainly associated with the maximum root diameter with smaller 
roots having higher contents of tanshinones (Chen et al., 1991, Chen et al., 1992). This result 
had some similarities to the results of Liu et al (Liu et al., 2003). Similar effects of plant 
densities on the contents of cryptotanshinone, tanshinone I and tanshinone IIA were found 
since there were strong linear correlations between the contents of these three tanshinone 
markers. However, plants grown at the excessively high plant density of 30 × 20 cm were 
found to contain less three tanshinone markers than those plants grown at the lower plant 
density of 30 × 30 cm. This may have been caused by insufficient photosynthesis due to 
excessive shading and mutual competition for underground resources (Liu et al., 2003, Yang 
et al., 2000). Similar observations were made for the plant density of 45 × 20 cm. Plants 
grown at this density had much less contents of tanshinone I and tanshinone IIA in 
comparison with the density of 30 × 30 cm, even though the total number of plant-pairs per 
field plot was the same. Therefore, there may be a minimum plant spacing (e.g. 20 cm) 
existed to restrict the accumulation of three tanshinone markers in Danshen roots. 
 
The contents of three tanshinone markers were also associated with the number of large roots, 
which reached the maximum root diameter. In the case of the plant densities of 30 × 40 cm 
and 30 × 30 cm, the maximum diameter of roots was the same (17 mm) and there were 
similar numbers of roots (15 and 14 respectively) with a root diameter of ≥ 6 mm but plant 
grown at the plant density of 30 × 40 cm produced significantly less contents of the three 
tanshinone markers than those plants grown at the plant density of 30 × 30 cm (P < 0.05).  
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This was because plants at the plant density of 30 × 40 cm grew more roots that reached the 
maximum root diameter compared with those at the plant density of 30 × 30 cm. 
Consequently, the former had less surface area of roots than the latter. Since the tanshinones 
are concentrated in the epidermis and phloem of Danshen roots, the surface area of roots is a 
critical factor (Deng and Li, 2005). Similarly, this is why plants grown at the plant density of 
45 × 30 cm produced higher tanshinone content in the roots than those plants grown at the 
plant density of 45 × 40 cm. 
 
The content of salvianolic acid B in Danshen roots was significantly improved by increasing 
plant spacing from 30 cm to 40 cm at a row spacing of 30 cm or 45 cm (P < 0.05). Similarly, 
the content of salvianolic acid B was also significantly increased when the row spacing was 
increased from 30 cm to 45 cm at a plant spacing of 20 cm or 30 cm. These results may be 
due mainly to the following reasons:  1) Plants grown at the lower densities usually possessed 
roots with a larger maximum diameter than those at the higher plant density i.e. 45 × 30 cm vs. 
30 × 30 cm. 2) The lower plant density also grew more large roots, their root diameter were 
very close to the maximum root diameter, than the higher plant density i.e. 45 × 40 cm vs. 45 
× 30 cm, and 30 × 40 cm vs. 30 × 30 cm. Since salvianolic acid B is found throughout the root, 
and not just in the epidermis and phloem, the crucial factor is the total root volume, not the 
surface area (Zeng et al., 2006b).  
 
There were no significant differences in the overall yield of salvianolic acid B per field plot 
between the three plant densities of 30 × 40 cm, 45 × 30 cm and 45 × 40 cm, all of which had 
above 3% salvianolic acid B in the roots with the highest content being in the density 45 × 40 
cm. However, in determining the optimum plant density from the grower’s point of view, the 
crucial factor is root yield per unit area (e.g. per ha or per square meter). The highest root 
yield was obtained in the 45 × 30 cm treatment at 25 plant-pairs per plot. The next highest 
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root yield was in the 30 × 40 cm treatment at 28 plant-pairs per plot. Therefore, 45 × 30 cm 
not only produced a salvianolic acid B content of above 3% but also the highest root yield per 
plot using fewer plant-pairs than 30 × 40 cm.  
 
When the contents of tanshinone IIA and salvianolic acid B were compared within and 
between density treatments, an optimum plant density for the variety V4 was not evident from 
the data. This was due to the negative relationship between tanshinone IIA and salvianolic 
acid B contents. High densities and small roots favor the production of tanshinones IIA 
whereas low densities and large roots favor the production of salvianolic acid B. Consequently, 
when production aims at the minimum standard for tanshinone IIA (0.2%) it is not feasible to 
also meet the minimum standard for salvianolic acid B (3%) and vice versa. This poses a 
dilemma for producers of Danshen since the requirements for optimising tanshinone IIA and 
salvianolic acid B are diametrically opposed. 
 
In conclusion, plants grown at the densities 30× 20 cm and 30× 30 cm produced the highest 
root yields per square meter (3.13 kg/m2 and 3.09 kg/m2 respectively), whereas plants grown 
at the density 45 × 30 cm produced the highest root yield per plant-pair (273 g/plant-pair). In 
addition, to producing the highest root yield per square meter, plants grown at the density 30 × 
30 cm also produced the highest contents of the three tanshinone markers (e.g. 0.210% for 
tanshinone IIA, w/w). Three density treatments (30 × 40 cm, 45 × 30 cm and 45 × 40 cm) 
produced salvianolic acid B content of > 3%, of these the 45 × 30 cm treatment also produced 
the highest root yield per square meter. Therefore, the densities of 30 × 30 cm and 45 × 30 cm 
may be employed to produce high contents of tanshinone IIA and salvianolic acid B in local 
Danshen production respectively. 
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Chapter Eight 
 
Effects of Different Fertilisations on the Vegetative Growth of 
Baihua Danshen and Contents of Four Marker Compounds 
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8.1 Background 
The Danshen variety V1 (also named Baihua Danshen 白花丹参 in Chinese, Salvia 
miltiorrhiza f. alba in Latin) is a rare form of Salvia miltiorrhiza Bunge (Li et al., 2000c). It 
features with white flowers (Baihua in Chinese) which differentiate from its parental species, 
Danshen, the purple flowers carrier (Guo et al., 2002). Baihua Danshen has been reported to 
have its particular therapeutic efficacy in prevention and treatment of coronary heart disease, 
hyperlipidemia and cerebrovascular disease in China (Zhou et al., 2005a). According as the 
research outcome in Chapter 5, Baihua Danshen has high content of tanshinones (e.g. 0.207% 
tanshinone IIA, w/w) and an acceptable level of salvianolic acid B (3.83%, w/w) but quite too 
low root yield (155 g/plant-pair) compared with high yielding varieties e.g. V4 (325 g/plant-
pair). In this Chapter, V1 was introduced in a fertiliser trial to clarify effects of different 
fertilisations on its vegetative growth and contents of four well-known marker compounds in 
local cultivation of Australia. 
 
Previous studies mainly focused on effects of different fertiliser treatments on growth of 
Danshen and content variations of few marker compounds in its roots. Danshen has its 
particular features of fertiliser requirements, including: uptake of nitrogen and phosphorus at 
different growth stages and synergistic action between nitrogen and phosphorus uptake. Two 
uptake peaks of nitrogen and phosphorus have been found at 90-100 days and 150-170 days 
after the planting respectively. Therefore, more nitrogen and phosphorus are required to 
promote growths of aerial parts and roots at these stages (Han et al., 2003, Shu et al., 2004). 
 
The nutrient uptake properties of Danshen roots on nitrogen and phosphorus have been 
investigated in detail (Chen et al., 1992, Chen et al., 1991). The uptake ability of Danshen 
roots on nitrogen was improved by increasing the applied amount of nitrogen. It was also 
found that the addition of phosphorus could improve the uptake of nitrogen. Similarly, for the 
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uptake of phosphorus, its uptake ability was improved by increasing the applied amount of 
phosphorus and it was also shown that the application of nitrogen could improve the uptake of 
phosphorus (Han et al., 2004).  
 
Different fertilisers such as nitrogen and phosphorus contribute differently to the Danshen 
growth. Concerning the growth of aerial parts, nitrogen can improve the growth of aerial parts 
and suspend its senescence; phosphorus was found to more effectively improve the growth of 
aerial parts than potassium, and nitrogen combined with phosphorus was most effective (Han 
et al., 2003). With regard to the growth of roots, phosphorus was found to be more beneficial 
than potassium and the combination of nitrogen and phosphorus was also demonstrated to be 
more advantageous than the combination of nitrogen and potassium or the combination of 
phosphorus and potassium. As for the combination of nitrogen, phosphorus and potassium, 
the relative effectiveness was between the combination of nitrogen and phosphorus, and the 
combination of nitrogen and potassium (Han et al., 2003). 
 
Previous studies demonstrated that different fertilisers have various effects on contents of 
bioactive/marker compounds in Danshen roots. The content of cryptotanshinone was found to 
be negatively correlated with the concentration of nutrient liquid containing calcium nitrate, 
ammonium sulphate, potassium dihydrophospate and magnesium sulfate (Chen et al., 1992). 
Nitrogen and phosphorus were found to have opposite actions on the content of tanshinone 
IIA (Wang et al., 2005b). The tanshinone IIA content was decreased by increasing levels of 
applied nitrogen, and in contrast, it was increased by increasing levels of applied phosphorus. 
It was also found that phosphorus could counter the decrease of tanshinone IIA content 
induced by nitrogen application (Han et al., 2004).  
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Moreover, nitrogen and phosphorus also had opposite actions on the content of danshensu, a 
bioactive water-soluble component in Danshen roots. The danshensu content was decreased 
by increasing levels of applied nitrogen, and in contrast, it was increased by increasing levels 
of applied phosphorus (Han and Liang, 2005). Currently, the effect of nitrogen and 
phosphorus on salvianolic acid B content hasn’t been reported. 
 
This study aimed to clarify the probability of increasing contents of bioactive ingredients in 
Baihua Danshen roots by applying different fertilisations, and also to reveal a correlation 
between root yield and each of three tanshinone markers and salvianolic acid B under 
different fertiliser treatments.  
 
8.2 Materials and methods 
8.2.1 Field trial  
8.2.1.1 Site selection 
The cultivation site, situated at NMIT, was employed for the fertiliser trial.  
 
8.2.1.2 Source of Baihua Danshen seeds  
A batch of Baihua Danshen seeds (seed ID code: S1), which was collected from Linqu county 
in Shandong province, was used in this fertiliser trial.   
 
8.2.1.3 Propagation of Baihua Danshen seedlings 
Baihua Danshen seedlings were propagated by seeds in greenhouses at NMIT. The method of 
propagation of Baihua Danshen seedlings is described in Chapter 2.1.3. 
 
8.2.1.4 Field trial design and maintenance 
Four combinations of nitrogen, phosphorus and potassium fertilisers, at their two levels of 
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either low level or high level, were designed based on the orthogonal design of L4 (23) trial. A 
blank control without any fertilisers applied was used concurrently. The experiment was laid 
out as a completely randomised design with three replicates, giving a total of 15 field plots. 
The fertilisers were applied only in the first year. Any additional fertilisers were not applied in 
the second year. Each combination of the three fertilisers was applied proportionally at 
different growth stages of Baihua Danshen plants. Baihua Danshen plants were sampled 
according to the harvesting schedule. The field plots were monitored and maintained in terms 
of weed management and irrigation, which are described in Chapter 2.1.5. The protocol of the 
fertiliser trial design is described in Chapter 2.1.4.4.  
 
8.2.1.5 Investigation on number of leaves at growth stages 
The number of leaves was recorded on four plant-pairs in each field plot, so twelve plant-pairs 
were investigated in each fertiliser treatment and the blank control at seven growth stages 
(these stages were defined in Table 8.2). 
 
8.2.1.6 Harvesting and field data collection 
The harvesting was conducted twice, at 310 days (in early September 2005) and 650 days (in 
the mid of August 2006) after planting. Four plant-pairs were harvested per field plot per time. 
Together 12 plant-pairs were randomly harvested for each fertiliser treatment. The growth 
parameters for each plant-pair, including number of leaves, weight of fresh aerial parts, 
number of roots (diameter ≥ 6 mm), maximum root length, maximum root diameter and 
weight of fresh roots were measured and recorded. After data collection, the harvested roots 
were air dried in terms of different field plots for subsequent chemical analysis. The details of 
harvesting and field data collection are described in Chapter 2.1.6.  
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8.2.1.7 Analysis of field data 
Standard error (SE) was used to evaluate the variation of growth parameters in each of the 
growth features for 12 replicate plant-pairs collected from each of the four fertiliser 
combinations and the blank control. The growth parameters were analysed by a Two-Way 
ANOVA to test whether there were any significant differences (P < 0.05) between the fertiliser 
treatments and also the replicates. A treatment × replicate term was also generated to reveal 
any significant interaction between the fertiliser treatments and replicates. A Scatter/Dot graph 
was generated to evaluate linear correlations between growth features. Their correlation 
coefficients were analysed by SPSS. The details of analysis of field data are described in 
Chapter 2.1.7. 
 
8.2.2 Chemical analysis 
8.2.2.1 Herbal raw materials 
A total of 15 batches of Baihua Danshen samples were collected from 15 field plots in four 
fertiliser treatments and the blank control each with three replicates. Each sample was a 
mixture of roots of four plant-pairs harvested from a same field plot. These samples were 
identified as the following sample ID: Blank 1-3; High N, High P and Low K 1-3; High N, 
Low P and High K 1-3; Low N, High P and High K 1-3; Low N, Low P and Low K 1-3. 
 
8.2.2.2 Instruments 
Two major instruments, including Accelerated Solvent Extractor 100 (Dionex, U.S.A.) and 
Shimadzu HPLC system (Shimadzu, Japan) were employed in the quantitative determination 
of the four marker compounds. The details of these instruments are described in Chapter 
2.2.2.1, 2.2.2.3. 
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8.2.2.3 Reagents and chemicals 
The details of reagents and chemicals are described in Chapter 2.2.3. 
 
8.2.2.4 Quantitative determination using HPLC 
8.2.2.4.1 Herbal extraction and preparation 
One gram fine powder of each sample was extracted with methanol or MillQ water in an 
Accelerated Solvent Extractor (ASE 100, Dionex, U.S.A.). After filtration with a 0.45 µm 
PTFE or acetate syringe filters, the methanol and aqueous extracts were stored at -20ºC as 
stock solutions. The methanol extract was re-sonicated then diluted 20 times using methanol 
for HPLC injection, and the aqueous extract was re-sonicated then diluted 5 times using 
acetonitrile for HPLC injection. The protocols of herbal extraction and preparation are 
described in Chapter 2.2.4.1, 2.2.5.1. 
 
8.2.2.4.2 Preparation of standard references 
Reference stock solutions of cryptotanshinone, tanshinone I tanshinone IIA and salvianolic 
acid B were prepared in the concentrations of 1 mg/ml, 46 µg/ml, 100 µg/ml and 100 µg/ml 
respectively, and stored at -20 °C in the dark. The protocols of standard reference preparations 
are described in Chapter 2.2.5.2. 
 
8.2.2.4.3 Chromatographic conditions 
HPLC analysis was conducted in a Shimadzu Model SCL-10Avp HPLC system (Shimadzu, 
Japan) equipped with a Shimadzu Model SPD-M10Avp photodiode array detector. A RP C18 
column (ODS II, 5 µm, 250 mm × 4.6 mm, Phenomenex, U.S.A) was used to separate 
cryptotanshinone, tanshinone I and tanshinone IIA in methanol extract, and salvianolic acid B 
in aqueous extract. Acetonitrile and water (65:35) was used to as mobile phase to separate 
three tanshinone markers and determined at the wavelength of 270 nm. The gradient elution 
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method was developed to separate salvianolic acid B with a mobile phase of acetonitrile and 
5% aqueous acetic acid and determined at the wavelength of 281 nm. The chromatographic 
conditions are described in Chapter 2.2.5.3. 
 
8.2.2.5 Analysis of chemical data  
Standard deviation (SD) and a relative standard deviation (RSD) were used to evaluate the 
variation of three replicate data in chemical analysis. The chemical analysis data were 
analysed by a One-Way ANOVA to test any significant differences (P < 0.05) in contents of 
cryptotanshinone, tanshinone I, tanshinone IIA and salvianolic acid B between the four 
fertiliser treatments and the blank control. A Scatter/Dot graph was generated to evaluate 
linear correlation between the content of each of the four marker compounds. Their 
correlation coefficients were analysed by SPSS. The details of analysis of chemical analysis 
data are described in Chapter 2.2.7.2. 
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8.3 Results 
8.3.1 Growth parameters of one -year old plants 
The growth parameters of one-year old Baihua Danshen plants at four fertiliser combinations 
and the blank control are summarised in Table 8.1. Significant differences of growth 
parameters (P < 0.05) were found between the four fertiliser combinations and blank control 
but not the three replicates. Moreover, there was no significant interaction between the 
fertiliser treatment and replicate. 
 
Table 8.1 Growth parameters of one-year old Baihua Danshen plants at four fertiliser 
combinations 
Root 2) 
Fertiliser  
treatment 1) 
Weight of fresh 
aerial parts 
(g/plant-pair) 2) 
Number per plant-
pair (Diameter ≥ 6 
mm) 
Maximum 
length (cm) 
Maximum 
diameter 
(mm) 
Fresh weight 
(g/plant-pair) 
Blank control 64 ± 2.7 a  7 ± 0.2 a 21 ± 0.5 a 11 ± 0.3 a 61 ± 0.9 a 
H-N, H-P and L-K 185 ± 4.6 d 12 ± 0.2 b 32 ± 0.6 e 14 ± 0.3 c 138 ± 2.3 e 
H-N, L-P and H-K 178 ± 3.3 d 7 ± 0.1 a 28 ± 0.3 c 13 ± 0.2 b 121 ± 1.3 c 
L-N, H-P and H-K 133 ± 3.7 c 12 ± 0.2 b 30 ± 0.3 d 14 ± 0.3 c 131 ± 2.0 d 
L-N, L-P and L-K 105 ± 3.6 b 7 ± 0.2 a 26 ± 0.4 b 12 ± 0.2 b 113 ± 1.5 b 
1) H-N: high level of nitrogen fertiliser; H-P: high level of phosphorus fertiliser; H-K: high level of potassium 
fertiliser; L-N:  low level of nitrogen fertiliser; L-P: low level of phosphorus fertiliser; and L-K: low level of 
potassium fertiliser. 2) Data was calculated from12 plant-pairs and was shown as mean ± SE; a, b, c, d and e 
represented different significant groups between different fertiliser treatments and the blank control (P < 0.05).  
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8.3.1.1 Number of leaves 
The number of leaves in each treatment of the four fertiliser combinations and blank control at 
seven growth stages of Baihua Danshen plants is summarised in Table 8.2. 
 
Table 8.2 Number of leaves per plant-pair for each treatment of four fertiliser combinations at 
seven growth stages of Australian grown Baihua Danshen  
Growth stage 1) 
Fertiliser 
combination 18-Feb-05 
10-Mar-
05 
4-Apr-05 
26-May-
05 
24-Jun-05 2-Aug-05 
22-Aug-
05 
Blank control 10 ± 0.3 a  15 ± 0.5 a 45 ± 1.1 a 53 ± 1.3 a 45 ± 1.4 a 28 ± 0.9 a 37 ± 1.1 a 
H-N, H-P and L-K 26 ± 0.8 d 37 ± 0.7 e 88 ± 1.4 e 97 ± 2.1 e 67 ± 2.0 c 58 ± 1.3 c 75 ± 1.7 e 
H-N, L-P and H-K 19 ± 0.6 c 29 ± 0.7 d 75 ± 1.5 d 86 ± 1.4 d 59 ± 3.3 b 55 ± 1.1 b 68 ± 1.6 d 
L-N, H-P and H-K 15 ± 0.5 b 27 ± 0.6 c 55 ± 1.2 c 64 ± 1.2 c 45 ± 1.6 a 31 ± 0.9 a 52 ± 1.3 c 
L-N, L-P and L-K 15 ± 0.7 b 20 ± 0.5 b 50 ± 1.2 b 58 ± 1.3 b 45 ± 1.9 a 29 ± 0.6 a 46 ± 1.2 b 
1) Data was calculated from12 plant-pairs and was shown as mean ± SE; a, b, c, d, e represented different 
significant groups between different fertiliser treatments and the blank control (P < 0.05).  
 
Plants receiving each treatment of the four fertiliser combinations had significantly more 
numbers of leaves than the blank control at most of seven growth stages. Only at those stages 
in winter (24-Jun-05 and 2-Aug-05), did the plants receiving a low level of nitrogen fertiliser 
have similar numbers of leaves to those plants in the blank control. Both these groups had 
fewer numbers of leaves than the plants receiving a high level of nitrogen fertiliser (Table 8.2). 
 
Similarly, plants receiving high level of nitrogen fertiliser always had significantly more 
numbers of leaves than those plants receiving a low level of nitrogen fertiliser at the seven 
growth stages. Moreover, under the treatments of high level or low level nitrogen fertiliser, 
the plants receiving a high level of phosphorus fertiliser had more leaves than those plants 
receiving a low level of phosphorus fertiliser. However, at the early stage (18-Feb-05) or those 
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stages in winter, there were no significantly different effects (P < 0.05) of high level and low 
level phosphorus fertiliser on number of leaves under the treatment of low level nitrogen 
fertiliser applied (Table 8.2). 
 
8.3.1.2 Weight of fresh aerial parts 
All fertiliser combinations significantly improved the growth of aerial parts of Baihua 
Danshen plants than the blank control. The increase of their weights ranged from 64% to 
189% higher than the blank control (Table 8.1). In addition, the high level nitrogen applied 
with 72.3 g/m2 of sulphate of ammonia produced significantly more weight of fresh aerial 
parts (P < 0.05) than the low level nitrogen (18.3 g/m2 of sulphate of ammonia), their average 
yields of fresh aerial parts in two treatments were 181.5 and 119.0 g/plant-pair respectively. 
The weight of aerial parts was increased significantly by increasing the amount of applied 
phosphorus fertiliser only under the fertiliser treatments of low level of nitrogen fertiliser 
applied.  
 
8.3.1.3 Number of roots 
Not all the four fertiliser combinations achieved a significantly different number of roots 
compared with the blank control. Only the two fertiliser combinations using a high level 
phosphorus fertiliser had more significant numbers of roots (P < 0.05) than the blank control. 
Similarly, there were no significant differences between high level and low level nitrogen 
fertiliser under high level or low level phosphorus applied (Table 8.1). 
 
8.3.1.4 Maximum root length  
Different treatments of four fertiliser combinations significantly improved more elongation of 
Baihua Danshen roots than the blank control (P < 0.05), and the amount of applied 
phosphorus fertiliser played a principal role in this elongating of Baihua Danshen roots. There 
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were significant differences of maximum root length between high level and low level 
phosphorus fertiliser applied. Their average maximum root lengths were 31 cm and 27 cm in 
two treatments of high level and low level phosphorus fertiliser respectively. Similarly, high 
level and low level nitrogen fertilisers produced significant differences on the elongation of 
Baihua Danshen roots under the treatment of high level or low level phosphorus applied 
(Table 8.1). 
 
8.3.1.5 Maximum root diameter  
There were significant differences in the maximum root diameter between each of four 
fertiliser combinations and the blank control (P < 0.05). A high level of phosphorus fertiliser 
applied had more promotion effect on the expansion of roots than a low level of phosphorus 
fertiliser applied. Their average maximum root diameters were 14.0 mm and 12.5 mm 
respectively. In contrast, two levels of nitrogen fertiliser applied low and high levels had no 
significant effect on the maximum root diameter under high or low levels of phosphorus 
fertiliser applied (Table 8.1).  
 
8.3.1.6 Root yield 
Significant differences (P < 0.05) of root yields in the weight of Baihua Danshen roots were 
not only evident between each treatment of four fertiliser combinations and the blank control, 
but also were between each treatment of the four fertiliser combinations. Plants receiving the 
treatments of four fertiliser combinations had between 85.2 % to 126.2% higher root yield 
than the blank control (Table 8.1). Plants receiving high levels of phosphorus fertiliser (166.6 
g/m2 of superphosphate) achieved more root yield than those receiving low levels of 
phosphorus fertiliser (41.7 g/m2 of superphosphate). Their average root yields were 134.5 and 
117.0 g/plant-pair respectively. The weight of fresh roots was increased significantly by 
increasing amount of nitrogen fertiliser applied under the treatments of high level or low level 
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phosphorus fertiliser.  
 
The weight increase in Baihua Danshen roots was mainly due to elongation of roots, 
expansion of root diameter and increase in number of roots. However, there were different 
linear correlation levels between root weight and each of maximum root length, maximum 
root diameter and number of roots. The root weight has strong positive linear correlations 
with maximum root length and maximum root diameter but relatively weak linear correlation 
with number of roots (Figure 8.1). The Pearson correlation coefficients are 0.886 (P < 0.01) 
between root weight and maximum root length, 0.705 (P < 0.01) between root weight and 
maximum root diameter, and 0.621 (P < 0.01) between root weight and number of roots. Thus, 
the root yield of Baihua Danshen crop is determined mainly by both of maximum root length 
and maximum root diameter. 
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(a)  
 
 
 
 
 
 
 
 
 
 
 
(b)  
 
 
 
 
 
 
 
 
 
 
 
(c)  
 
 
 
 
 
 
 
 
 
 
 
Figure 8.1 Correlations between root growth features of Baihua Danshen crop: (a) maximum 
root length and weight of fresh roots; (b) maximum root diameter and weight of fresh roots; (c) 
number of roots and weight of fresh roots. 
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8.3.2 Growth parameters of two-year old plants 
The growth parameters of roots of two-year old Baihua Danshen plants for four fertiliser 
combinations and the blank control are summarised in Table 8.3. There were significant 
differences of growth parameters (P < 0.05) between the four fertiliser combinations and 
blank control but not the three replicates. Moreover, there was no significant interaction 
between the fertiliser treatment and replicate. 
 
Table 8.3 Growth parameters of roots of two-year old Baihua Danshen plants at four fertiliser 
combinations  
Number of roots per plant-pair 1) 
Fertiliser treatment Diameter  
≥ 6 mm 
Diameter  
≥ 10 mm 
Diameter  
≥ 20 mm 
Maximum root 
diameter (mm) 1) 
Weight of fresh roots 
(g/plant-pair) 1) 
Blank control 11 ± 0.5 a  5 ± 0.3 a 2 ± 0.2 a 22 ± 0.5 a 520 ± 14.9 a 
H-N, H-P and L-K 17 ± 0.4 b 9 ± 0.4 c 4 ± 0.3 c 30 ± 0.5 c 703 ± 12.8 c 
H-N, L-P and H-K 16 ± 0.2 b 7 ± 0.4 b 3 ± 0.3 b 29 ± 0.5 b 616 ± 12.0 b 
L-N, H-P and H-K 16 ± 0.3 b 9 ± 0.3 c 4 ± 0.2 c 30 ± 0.5 c 669 ± 16.8 c  
L-N, L-P and L-K 16 ± 0.4 b 7 ± 0.4 b 3 ± 0.2 b 28 ± 0.3 b 578 ± 11.6 b 
1) Data was calculated from12 plant-pairs and were shown in Mean ± SE; a, b, c represented different significant 
groups between different fertiliser treatments and the blank control (P < 0.05).  
 
8.3.2.1 Number of roots 
The treatments of the four fertiliser combinations increased significantly the numbers of roots 
in each diameter category compared with the blank control (P < 0.05) (Table 8.3). However, 
these treatments had different effects on numbers of roots at different levels of its diameter, i.e. 
≥ 6 mm, ≥ 10 mm and ≥ 20 mm. There was no significant difference between each treatment 
of four fertiliser combinations in terms of the number of roots with ≥ 6 mm diameter. In 
contrast, high levels phosphorus fertiliser could significantly improve the expansion of roots 
compared with low levels phosphorus fertiliser in terms of the number of roots with ≥ 10 mm 
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and ≥ 20 mm diameter. Moreover, high levels nitrogen fertiliser did not increase the number 
of roots or improve the expansion of roots compared with low levels of nitrogen fertiliser.  
 
8.3.2.2 Maximum root diameter 
The treatments of four fertiliser combinations significantly improved more expansion of roots 
compared with the blank control (P < 0.05). In particular, high levels phosphorus fertiliser 
improved more expansion of roots in comparison with low levels phosphorus fertiliser. In 
contrast, the expansion of roots had no relationship with the levels of nitrogen fertiliser 
applied (Table 8.3).  
 
8.3.2.3 Root yield 
Plants receiving the treatments of four fertiliser combinations had significantly higher root 
yields in comparison with plants in the blank control (P < 0.05). Plants receiving high levels 
phosphorus fertiliser produced higher root yields than those receiving low levels phosphorus 
fertiliser. Their average root yields were 686 and 597 g/plant-pair in two treatments of high 
level or low level phosphorus fertiliser applied. In addition, there were no significant 
differences of root yield between high level and low level nitrogen fertiliser under the 
treatments of high level or low level phosphorus fertiliser applied respectively. It was evident 
that phosphorus fertiliser has a decisive effect on weight of fresh roots in two-year cultivation 
(Table 8.3).  
 
8.3.3 Contents of three tanshinone markers and salvianolic acid B  
The weight per weight contents of cryptotanshinone, tanshinone I, tanshinone IIA and 
salvianolic acid B were determined based on three replicate batches for each of the four 
fertiliser treatments and blank control. The range between batches variation within a fertiliser 
treatment and the blank control were as follows (RSD): 2.89-14.86%, 7.72-19.70%, 6.56-
14.15%, and 6.89-10.97% of cryptotanshinone, tanshinone I, tanshinone IIA and salvianolic 
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acid B respectively. These three batches were combined to determine the average contents of 
the four marker compounds in these four fertiliser treatments and the blank control, as 
summarised in Table 8.4.  
 
Table 8.4 Contents of four marker compounds in Baihua Danshen roots grown at four 
fertiliser combinations 
Content of marker compound (w/w, %) 1) 
Fertiliser treatment 
Cryptotanshinone Tanshinone I Tanshinone IIA Salvianolic acid B 
Blank control 0.190 ± 0.014 b  0.062 ± 0.005 b 0.220 ± 0.015 b 2.82 ± 0.24 a 
H-N, H-P and L-K 0.118 ± 0.003 a 0.033 ± 0.006 a 0.099 ± 0.011 a 4.07 ± 0.28 b 
H-N, L-P and H-K 0.099 ± 0.015 a 0.035 ± 0.006 a 0.124 ± 0.018 a 2.75 ± 0.19 a 
L-N, H-P and H-K 0.096 ± 0.013 a 0.034 ± 0.004 a 0.118 ± 0.012 a 3.25 ± 0.32 a 
L-N, L-P and L-K 0.189 ± 0.017 b 0.059 ±0.005 b 0.213 ±0.014 b 2.79 ± 0.11 a 
1) Data was calculated from three replicate samples and was shown as mean ± SE; a and b represented different 
significant groups between the four fertiliser treatments and the blank control (P < 0.05).  
 
8.3.3.1 Content correlations between marker compounds 
There were strong positive linear correlations between the contents of tanshinone IIA and 
tanshinone I (r = 0.987, P < 0.01), tanshinone IIA and cryptotanshinone (r = 0.945, P < 0.01) 
and tanshinone I and cryptotanshinone (r = 0.960, P < 0.01) (Figure 8.2). Moreover, there 
were weak negative linear correlations between contents of salvianolic acid B and tanshinone 
IIA (r = -0.614, P < 0.05), and salvianolic acid B as well as tanshinone I (r = -0.525, P < 0.05) 
but contents of salvianolic acid B were uncorrelated to contents of cryptotanshinone (r = -
0.384) (Figure 8.3). When both the content of tanshinones and salvianolic acid B are 
considered, an optimum fertiliser treatment is not evident from the data.  
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(a) 
 
 
 
 
 
 
 
 
 
 
 
(b)  
 
 
 
 
 
 
 
 
 
 
 
(c)  
 
 
 
 
 
 
 
 
 
 
 
Figure 8.2 Content correlations between three tanshinone markers: (a) tanshinone IIA and 
tanshinone I; (b) tanshinone IIA and cryptotanshinone; (c) tanshinone I and cryptotanshinone. 
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(a) 
 
 
 
 
 
 
 
 
 
 
 
(b) 
 
 
 
 
 
 
 
 
 
 
 
(c)  
 
 
 
 
 
 
 
 
 
 
 
Figure 8.3 Content correlations between salvianolic acid B and each of three tanshinone 
markers: (a) salvianolic acid B and tanshinone IIA; (b) salvianolic acid B and tanshinone I; (c) 
salvianolic acid B and cryptotanshinone.  
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8.3.3.2 Content variations of three tanshinone markers 
Concerning the content of the three tanshinone markers, Baihua Danshen roots applied with 
three fertiliser combinations, H-N, H-P, L-K and H-N, L-P, H-K and L-N, H-P, H-K, had 
significantly less content of the three tanshinone markers than those applied with the fertiliser 
combination of L-N, L-P, L-K and the blank control (P < 0.05). Moreover, Baihua Danshen 
roots applied with the fertiliser combination of L-N, L-P, L-K and the blank control had no 
significant differences in the contents of the three tanshinone markers (Table 8.4). Therefore, 
the amount of applied fertilisers need be controlled in the Baihua Danshen production. 
 
Moreover, Baihua Danshen roots applied with the three fertiliser combinations, H-N, H-P, L-
K and H-N, L-P, H-K and L-N, H-P, H-K, had no significant differences in the content of the 
three tanshinone markers. However, with regard to the peak area of tanshinone IIA in HPLC 
quantitative analysis, Baihua Danshen roots applied with two fertiliser combinations, L-N, H-
P, H-K and H-N, L-P, H-K, had significant higher peak areas of tanshinone IIA than that 
applied with the fertiliser combination of H-N, H-P, L-K. Therefore, the applied fertiliser 
combination of H-N, H-P, L-K may decreased the peak area of tanshinone IIA.  
 
8.3.3.3 Content variation of salvianolic acid B  
Baihua Danshen roots, applied with the fertiliser combination of H-N, H-P and L-K, had 
significantly higher content of salvianolic acid B than those applied with the other fertiliser 
combination and the blank control (P < 0.05). Its content of salvianolic acid B was 4.07% 
(w/w). Moreover, Baihua Danshen roots, applied with H-N, L-P, H-K and L-N, H-P, H-K and 
L-N, L-P, L-K, had similar content of salvianolic acid B, and also had similar content of 
salvianolic acid B to those roots produced in the blank control (Table 8.4).  Therefore, high 
level phosphorus combined with high level nitrogen significantly produced the greatest effect 
on the content of salvianolic acid B in Baihua Danshen roots.  
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8.3.4 Correlations between root yield and content of each of marker compounds 
In terms of root yield in weight of fresh roots per plant-pair and the contents of four bioactive 
marker compounds in each of 15 corresponding field plots, the root yield was proved to have  
strong negative linear correlations with the contents of tanshinone IIA, tanshinone I and 
cryptotanshinone but relatively weak positive linear correlation with the content of salvianolic 
acid B (Figure 8.4). The Pearson linear correlation coefficients are −0.798 (P < 0.01), −0.783 
(P < 0.01), −0.716 (P < 0.01) and 0.529 (P < 0.05) between the root weight and the content of 
each of tanshinone IIA, tanshinone I, cryptotanshinone and salvianolic acid B respectively.
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Figure 8.4 Correlations between content of each of four bioactive marker compounds and root weight of Baihua Danshen crop: (a) tanshinone IIA and 
root weight; (b) tanshinone I and root weight; (c) cryptotanshinone and root weight; and (d) salvianolic acid B and root weight.
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8.4 Discussion 
In previous studies, nitrogen and phosphorus have been reported to improve the growth of 
aerial parts of Danshen plants (Chen et al., 1991, Jiang and Wei, 2004, Li et al., 2004b). These 
effects can be explained by particular physiological functions of nitrogen and phosphorus 
(Yang et al., 2000). Nitrogen improves the production of various enzymes and increases the 
photosynthesis of leaves, and phosphorus improves the production of nutrients and their 
transformation in plants (Yang et al., 2000). In the present study, Baihua Danshen plants, 
applied with the four fertiliser combinations, grew more aerial parts by weight than those in 
the blank control, and displayed larger numbers of leaves than the blank control at different 
growth stages. These effects were related to the contents of nitrogen and phosphorus in soils. 
The soils employed in our studies had a lower level of nitrogen and a much higher level of 
phosphorus in comparison with those used in the Danshen production of China (See Chapter 
4.3.2). Due to the insufficient nitrogen in the soils, it was necessary to provide extra nitrogen 
for Baihua Danshen growth in the local production.  
 
The high level nitrogen improved significantly the growth of aerial parts compared with the 
low level nitrogen. This result showed that nitrogen was an essential requirement of Baihua 
Danshen plants to support their growth (Han et al., 2004, Chen et al., 1992). When there was 
high level nitrogen this improved the uptake of nitrogen from the soil compared with low 
level soil nitrogen. This is related to the uptake properties of Danshen roots on nitrogen. 
Similar results were also found in previous studies (Han et al., 2004). Phosphorus only 
appeared to be beneficial to the growth of aerial parts under low nitrogen levels. It was 
evident that nitrogen played the principal role in improving the growth of aerial parts. 
Phosphorus was shown to have synergistic action with nitrogen on the growth of aerial parts 
of Baihua Danshen plants (Yang et al., 2000).  
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Furthermore, nitrogen had some effects on suspending senescence of Baihua Danshen leaves 
in winter. These results were very similar to that obtained in the study of Han et al (Han et al., 
2002). Baihua Danshen plants applied with high level nitrogen had more leaves than those 
receiving low level nitrogen. This was because a high level nitrogen could improve more 
growths of leaves, thus increase the photosynthesis of the leaves (Yang et al., 2000). In 
addition, under the treatment of high level nitrogen applied, Danshen plants which receiving a 
high level phosphorus, had more leaves than those receiving a low level phosphorus. This 
showed that the positive effect of phosphorus on the growth of Danshen leaves was due to the 
combined effects of nitrogen and phosphorus (Han et al., 2004). Moreover, at the early stage 
of seedling transplantation, different levels of phosphorus had no significant effects on the 
growth of leaves under the treatment of low level nitrogen applied. This may be explained 
with low growth amount of Baihua Danshen plants at the early growth stage.  
 
In the present study, the fertiliser combination of H-N, H-P and L-K produced the highest root 
weight of Baihua Danshen plants, and showed the synergistic action of phosphorus and 
nitrogen. This result was very similar to that achieved in the study of Han et al (Han et al., 
2003, Han et al., 2004). Although there was a high basic content of phosphorus in the soils at 
NMIT sites, the principal action of phosphorus on increasing the weight of roots was still 
found in this study. Baihua Danshen plants applied with high levels of phosphorus had higher 
root weight than those given low levels of phosphorus. This result was very similar to that in 
previous studies reporting that a high concentration of phosphorus can improve a uptake of 
phosphorus from the soils (Han et al., 2004). Also, it was demonstrated that Danshen is one of 
Chinese herbs that requires large amount of phosphorus fertiliser. The effect of nitrogen on 
promoting the growth of Danshen roots is mainly due to the improved photosynthesis in 
Danshen leaves (Yang et al., 2000, Han and Liang, 2005). This was why there were various 
effects on root growth according to different amount of nitrogen applied. 
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The weight increase in Baihua Danshen roots was mainly due to the elongation of roots, 
expansion of root diameter and increase in the number of roots. With regard to the expansion 
of Baihua Danshen roots, whatever how much nitrogen applied, a high level or a low level 
did not play a significant role under the treatments of high level or low level of phosphorus 
respectively. In contrast, nitrogen played a significant role in improving the elongation of 
roots under the treatments of high level or low level of phosphorus respectively. It was found 
that nitrogen only played the role of promoting the establishment of basic growth of Danshen 
plants and ensured the efficiency of photosynthesis (Yang et al., 2000).  
 
The four fertiliser combinations applied in the first year continued to improve the root growth 
in the second year. However, different fertilisers had various effects. High levels phosphorus 
fertiliser significantly increased the weight of roots than low levels phosphorus fertiliser. This 
was shown in the increase in the number of large roots (i.e. root diameter ≥ 10 mm and ≥ 20 
mm) and the maximum root diameter. It was because there is a high content of phosphorus 
still existed in the soils of the second year. In contrast, due to great amount of nitrogen 
required for the growth of Baihua Danshen plants and the very low basic content of nitrogen 
in the soils, the effect of nitrogen on the root growth was not obvious in the second year.  
 
High levels nitrogen or high levels phosphorus or their combination had adverse effects on the 
contents of the three bioactive tanshinone markers in Baihua Danshen roots. No direct 
evidence could be found to indicate they increased or decreased the production of 
cryptotanshinone, tanshinone I and tanshinone IIA. However, Baihua Danshen plants applied 
with high levels of nitrogen or high levels of phosphorus or their combination achieved lower 
contents of the three tanshinone markers than the fertiliser combination of low level nitrogen 
and low level phosphorus. This result was very similar to that of Chen et al. (1992). The 
content of cryptotanshinone was found to be negatively correlated with the concentration of 
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nutrient liquid containing calcium nitrate, ammonium sulphate, potassium dihydrophospate 
and magnesium sulfate. 
 
When both the root weight and the contents of tanshinones are considered, an optimal 
fertiliser treatment is not evident from the data. This is due to the negative relationship 
between the root weight and the content of three tanshinones. Consequently, when production 
aims at the minimum standard for tanshinone IIA (0.2%) the maximum root weight is about 
113 g/plant-pair in this study (The State Pharmacopoeia Commission of People's Republic of 
China, 2005). The amount of applied fertilisers need be controlled in the Baihua Danshen 
production, since high level nitrogen and phosphorus fertilisers usually resulted in less 
tanshinone markers accumulated in Baihua Danshen roots. In addition, larger roots had less 
content of three tanshinone markers (Chen et al., 1992). 
 
In comparison with the result of the study of Han et al (2004), the opposite result was found in 
the present study. Previously it was reported that the fertiliser combination of nitrogen, 
phosphorus and potassium has optimal effectiveness, 18% higher content of tanshinone IIA 
than the control (Han et al., 2004). On the contrary, in this study, the content of tanshinone IIA 
in Baihua Danshen roots was decreased by increasing levels of applied phosphorus. This may 
be explained by phosphorus improving the growth of roots, particularly, the increase of the 
maximum root diameter. Thereby reducing the content of tanshinone IIA when measured 
weight by weight (Chen et al., 1991, Zeng et al., 2006b). 
 
Contrary to the effect on three tanshinone markers, Danshen roots applied with a fertiliser 
combination of H-N, H-P and L-K, produced the highest content of salvianolic acid B. Also, 
high levels of nitrogen showed a synergistic action in improving the content of salvianolic 
acid B only combined with high levels of phosphorus. Furthermore, a high level of 
 322 
phosphorus combined with a low level of nitrogen was demonstrated to produce higher 
salvianolic acid B content compared with a high level of nitrogen combined with a low level 
of phosphorus or a low level of nitrogen combined with a low level of phosphorus. All of 
these could be explained by the effect of the high level of phosphorus on improving the 
growth of roots, particularly in increasing the maximum diameter of Danshen roots (Yang et 
al., 2000). The content of salvianolic acid B was increased by increasing of root diameter, 
because this compound was distributed in the whole of the root, not only in the epidermis of 
Danshen roots (Zeng et al., 2006b). 
 
In conclusion, different levels of fertiliser treatments significantly increase the root yield of 
Danshen crop. The use of high level of phosphorus resulted in higher root yields of Danshen 
crop than low level of phosphorus and the blank control, particularly high level phosphorus 
and nitrogen showed synergetic effects on root yield. The higher content of three tanshinone 
markers was determined in blank control and the combination of low level nitrogen and 
phosphorus but both high level nitrogen and phosphorus or their combinations decreased the 
content of three tanshinone markers. Differences in the content of salvianolic acid B were not 
remarkable, only the combination of high level nitrogen and phosphorus significantly increase 
the content of salvianolic acid B. An optimum fertiliser treatment is not available in terms of 
both the root yield and the content of tanshinones but possibly in terms of both the root yield 
and the content of salvianolic acid B. when production aims at the minimum standard for 
tanshinone IIA (0.2%) it is not feasible to also meet the minimum standard for salvianolic acid 
B (3%) and vice versa.  
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9.1 Background 
With an increasing popularity of herbal medicines, the worldwide herbal market shows a 
steadily annual increase in demand of herbal raw materials and their medicinal preparations 
(World Health Organization, 2003a). However, qualities and safeties of herbal medicines, 
particularly CHMs, have been concerned with low contents or inconsistent contents of 
bioactive ingredients (Sheng et al., 2006), contamination by heavy metals and pesticide 
residues, substitution of toxic herbs and adulteration with counterfeits. It has been 
demonstrated that these insufficiencies might decrease the efficacies of CHMs in their clinical 
therapeutic (Barnes, 2003b, Briggs, 2002).  
 
The local cultivation of Chinese herbal raw materials in Australian has been acknowledged as 
an effectual approach to improve the therapeutic qualities or efficacies of CHMs (Sheng et al., 
2006). The continuous expansion of herbal consumption and herbal market in Australia, 
particularly the market of CHMs, has initiated the feasibility studies of Chinese herbal 
medicines in local production of Australia (MacLennan et al., 2002).   
 
In this study, eight Danshen varieties were firstly cultivated in Australia, and their growth 
features as well as chemical properties were systematically evaluated over two years of 
cultivation on root yield, contents of four bioactive marker compounds and herbal 
chromatographic fingerprinting. Optimal harvesting times were selected on basis of yields of 
roots and bioactive ingredients. Fertilisations and plant density conditions were also studied to 
improve maximum root yields and contents of four bioactive marker compounds. This gives 
herbal growers the knowledge of selecting Danshen variety, harvesting and selecting 
agricultural conditions in local Danshen cultivation. It also provides quality control method to 
pharmaceutical industries to ensure high quality herbal sources.  
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9.2 Main achievements 
9.2.1 Optimisation of agricultural conditions for root production 
Root yield of Danshen has been verified to vary significantly between different cultivation 
varieties, harvesting times, plant density and fertiliser conditions. Variety selection is 
particularly important for Danshen local cultivation. Since different varieties have diverse 
suitability to local climatic and soil conditions and thus produce different root yields (Guo et 
al., 2002). The present results suggested that not all eight varieties could be grown in the 
Whittlesea area with good performance in root production but the varieties 4 and 5 were 
selected as optimum Danshen varieties to produce the second highest root yield and the 
highest root production efficiencies in this area. Moreover, root yield of Danshen may be 
improved when grown under optimum cultivation conditions (Liu et al., 2006b, Chen et al., 
1992). Optimum plant densities and reasonable fertilising protocol were firstly established in 
Australian grown Danshen herb. Densities of 30 × 30 cm and 45 × 30 cm may produce the 
highest root yields per square meter and per plant-pair respectively. Later, both high level 
nitrogen and phosphorus were proved to produce maximum root yield in local climatic and 
soil conditions. Once again, root yields were revealed to vary greatly between different 
harvesting time points. Optimum harvesting time points were established with maximum root 
yields at 250 days and 540 days after seedling transplantation in local cultivations of one-year 
old plants and two-year old plants. These findings may be useful to help herbal growers to 
grow Danshen in Australia.   
 
9.2.2 Optimisation of agricultural conditions for production of main bioactive 
components  
Previous studies showed that contents of tanshinone markers and salvianolic acid B varied in 
different Danshen sources (An et al., 2004, Hu et al., 2005b). These depend on different 
influencing factors, particularly its chemo-and biotypes and agricultural conditions such as 
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geographic origins, harvesting time, plant density and use of fertilisers. For instance, 
geographic origin (e.g. cultivar variety) is one of principal factors to determine the quality of 
Danshen and the variations of cultivation varieties may cause quality differences of Danshen 
herb (An et al., 2005). Based on the present findings, high contents of tanshinone markers (e.g. 
tanshinone IIA > 0.2%; w/w) were determined from the varieties 1, 2, 3 and 6 while high 
content of salvianolic acid B was found in aqueous extracts of the varieties 2 and 5 in their 
one-year old roots. Further, more than 3% salvianolic acid B (w/w) was found across the eight 
Australian grown Danshen varieties. The finding suggested that local grown Danshen might 
produce high contents of marker compounds. Agricultural conditions have been verified to 
play significant roles in determining herbal quality of Danshen (Han and Liang, 2005). The 
present results firstly reported densities of 30 × 30 cm and 45 × 30 may be selected to produce 
high contents of three tanshinone markers and salvianolic acid B respectively. Moreover, 
fertilisation needs to be controlled when the production aimed to produce high content of 
tanshinone IIA whereas high level fertilisation may increase salvianolic acid B content. Since 
tanshinone IIA content was decreased by increasing amounts of applied nitrogen and 
phosphorus fertilisers. Previous studies indicated that contents of three tanshinone markers 
and salvianolic acid B varied between different growth stages (Han et al., 2004, Liu et al., 
2004a). It was important for herbal growers to harvest Danshen roots when these compounds 
reached their top contents. Based on present findings, top contents of salvianolic acid B and 
three tanshinone markers were determined at 250 days and 290 days respectively after 
planting in the Whittlesea area. These seasons were within mid winter and late winter in 
Australia and were similar to those harvesting time in China. Further, the length of cultivation 
is also important to determine herbal quality of Danshen. For instance, three tanshinone 
markers had relatively high contents in one-year old roots than those in two-year old roots. 
Thus the maximum cultivation period for tanshinone production is one year whereas Danshen 
may be grown two years for producing high yield of salvianolic acid B.  
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9.2.3 Quality control method on Australian grown Danshen 
The deficiency of quality control method on multiple bioactive components in CHMs often 
results in decreases of their therapeutic efficacies. Since a pharmacological action is often 
determined by multiple bioactive components (Yang et al., 2005b). TLC has been often 
applied for herbal identification and authentication due to its simplicity, celerity, and 
simultaneousness (Srivastava et al., 2004, Hu et al., 2005b).  The present results suggested 
TLC was feasible to specifically identify different sources of Australian grown Danshen using 
five marker compounds and chromatographic fingerprinting. HPLC has received the widest 
application for quality control of CHMs due to its rapidity and sensitivity (Tao et al., 2006, 
Xie et al., 2005). The contents of cryptotanshinone, tanshinone I, tanshinone IIA and 
salvianolic acid B were determined from different Australian grown Danshen samples. 
Chromatographic fingerprinting technique has been demonstrated as an effectual approach for 
determining multiple chemical components and controlling their quantitative consistent (Xie 
et al., 2006). The optimised and validated HPLC chromarographic fingerprinting method was 
firstly introduced to measure quantitative variation of main chemical components in Danshen 
roots from different growth stages and different cultivation varieties. All of these chemical 
analysis methods showed their consistencies in precision and reproducible performances in 
the present studies. The findings clarified that tanshinone IIA and salvianolic acid B might be 
sufficiently to quantify the other main lipid and water-soluble components in Danshen roots. 
Since the strong positive linear correlations were found between the peak areas of peak 15 (i.e. 
tanshinone IIA) and the other six main common peaks in chromatographic fingerprinting of 
methanol extracts, and also between peak areas of peak 8 (i.e. salvianolic acid B) and main 
peaks 2, 3, 4 and 5 in chromatographic fingerprinting of aqueous extracts.  
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9.3 Limitation of this thesis  
There were several limitations in this thesis.  Firstly, there was inconsistent use of Danshen 
varieties in field trials. The variety 4 was used in the harvesting time trial and plant density 
trial whereas the variety 1 was used in the fertiliser trial. Secondly, there was lack of DNA 
markers to specifically mark good chemical properties (e.g. high content of bioactive 
ingredient). In this study, randomly amplified polymorphic DNA method (RAPD) was tried to 
mark excellent chemical properties with specific genes but the extracted DNA samples from 
Danshen fresh leaves were difficult to be purified. There were some unexplained results, 
including why contents of some bioactive ingredients decreased in Australian grown Danshen 
in comparison with corresponding Chinese grown Danshen, why contents of four bioactive 
marker compounds varied in different Australian grown Danshen varieties, and whether these 
chemical properties were stable and could be passed down to next generations with 
corresponding DNA markers. Thirdly, there were some unknown main common peaks in 
chromatograms of Danshen, e.g. peaks 8, 10, 11 and 14 in chromatograms of methanol 
extracts, and peak 5 as well as peak 7 in chromatograms of aqueous extracts. These peaks 
have not been identified with standard references or MS technique. Finally, there was lack of 
study on pharmacological actions of Danshen. Since the herbal quality of Danshen is related 
to multiple bioactive marker compounds and reduplicative chromatographic fingerprinting 
(Zhao et al., 2005b, Song et al., 2005b) and some pharmacological actions may change with 
multiple bioactive ingredients or a given bioactive ingredient (Zhou et al., 2005a). Thus to 
control the herbal quality will also rely on pharmacological actions, so-called bioassay, as 
shown previously in other Chinese herbal medicines (Lim et al., 2006, Zhang et al., 2005f).  
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9.4 Future Direction 
According to these limitations, future studies will be directed to the follow areas: 1) 
Differences of fertiliser effects on vegetative growth and contents of four marker compounds 
between different Danshen varieties need to be further confirmed. 2) Some excellent chemical 
properties in herbal medicines could be specifically marked with given genes (Baum et al., 
2001, Sangwan et al., 1999, Hong et al., 2005). Thus it is possible that there could be some 
DNA differences in different Australian grown Danshen varieties. Further studies are 
necessary to identify high contents of bioactive marker compounds in Danshen roots with 
specific genes using DNA microarray and sequencing-based markers (Dong et al., 2003, 
Zhang et al., 2003). 3) Unknown main peaks should be further identified using MS technique 
or marked with its relative standard reference (Zhao et al., 2005b, Zhang et al., 2004b). This 
will make it possible to purposively regulate quantities of those bioactive components, which 
had particular chemical properties, and improved their clinical therapeutic efficacies. 4) 
Future study will be directed to pharmacological actions of Australian grown Danshen and 
their correlations with marker compounds.  
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